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Driving U.S. Energy Leadership 


| HAVE JUST RETURNED FROM A TRIP TO CHINA, WHERE THERE IS A TREMENDOUS EMPHASIS 
on the importance of investing in science and technology for a sustainable future. For the 
Chinese, business as usual is not an option: It seems obvious to everyone that an economy 
that continues to expand using available technologies will choke on its own air pollution. 
Many nations share China’s urgent need to shift away from an economy dominated by fossil 
fuels. Last month, Germany unveiled a bold proposal to move the country toward renewable 
“green” energies through aggressive policies, which may spur other European nations to fol- 
low suit. What about the United States? 

Unfortunately, this year’s attempt by the Obama Administration to produce a major cli- 
mate-energy bill at the national level failed. But my home state of California has been more 
successful, attracting international attention when it passed the Global Warming Solutions 
Act of 2006 (also known as AB32). This law requires that California’s 


state with a population of 37 million, California is the second largest 
emitter of greenhouse gases in the United States. AB32 has therefore 
stimulated major private-sector investments in renewable energy tech- 
nologies, aimed at markets that the new rules promise to generate. 

But the entire fate of this bold plan, and of the investments in inno- 
vation that it stimulates, hinges on a popular vote that will take place in 
a few days. On 2 November, California voters will consider Proposi- 
tion 23, a referendum sponsored by out-of-state oil interests that would 
suspend implementation of AB32 until unemployment in California, 
now at about 12%, drops to 5.5% or less for a full year. Because this 
level has been reached only three times in the past 40 years, Proposition 
23 would effectively stop the new investments in renewable energy. As 
critics of California’s AB32 are quick to point out, reducing the state’s emissions will, by itself, 
do little to reduce the threat of global warming. But this badly misses the point. The legislation 
establishes the market opportunities that the entire United States urgently needs if it is to play 
a major part in reducing the cost of clean energy, and thereby remain a world leader in creating 
important new industries that boost the economy and benefit human welfare. 

Consistent with AB32, in A Business Plan for America’s Energy Future, seven of the most 
accomplished business leaders in the United States—Norman Augustine, Ursula Burns, John 
Doerr, Bill Gates, Chad Holliday, Jeff Immelt, and Tim Solso—call for policies that generate 
“clear, long-term market signals to create market pull for innovation.” Arguing that “the eco- 
nomic, national security, environmental, and climate costs of our current energy system will 
condemn our children to a seriously constrained future,” they also urge a federal investment of 
$16 billion per year in clean energy innovation, an increase of $11 billion over the current annual 
investment of about $5 billion.* Thus, for example, while commending the recent formation of 
the Advanced Research Projects Agency in the U.S. Department of Energy (ARPA-E), they urge 
that its budget be tripled, pointing out that ARPA-E was able to fund only 37 of the 3700 propos- 
als that it received in its first year. As these 3700 proposals demonstrate, the United States has 
an immense innovation engine that is waiting to be unleashed to address the world’s huge future 
needs for clean energy. Its scientists and engineers are noted for their ability to pioneer creative 
solutions, but they must be challenged and supported to do so at all levels of government. 

The public and private investment in energy innovation now totals only about 0.3% of 
U.S. energy expenditures. California’s Proposition 23 needs to be soundly defeated, send- 
ing a clear signal to Washington that the people of the United States are ready and willing to 
mobilize its considerable resources in the vital drive to a sustainable energy future. 

— Bruce Alberts 


10.1126/science.1199255 


14 


emissions of greenhouse gases be reduced to 1990 levels by 2020, an | | 
approximate 30% reduction from those expected otherwise. As a large b>. 
KY : 


*www.americanenergyinnovation.org. 
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Campaign for U.K. Science 
Helps Deflect Budget Ax 


British researchers had been expecting a 
budgetary bloodbath last week. The much- 
heralded Comprehensive Spending Review 
(CSR) from the United Kingdom’s new 
Conservative—Liberal Democrat coalition 
government came with numerous warn- 
ings to expect funding cuts of 20%, 30%, or 
even 40%—all to reduce the budget deficit. 
Researchers mobilized by writing letters to 
newspapers, signing petitions, demonstrat- 
ing outside government buildings, and—for 
the well-connected—having a quiet word 
with departmental officers and ministers 
about the importance of science to Britain’s 
future. Something worked. Even though the 
CSR outlines average cuts of 19% across all 
government departments, the main part of 
civil research spending, the science budget, 
was fixed for the next 4 years at this year’s 
amount, £4.6 billion ($7.2 billion). Inflation 
will chip away at that between now and 2015, 
possibly by as muchas 10%, but many believe 
much worse scenarios were being considered 
until recently. 

“Tt’s better than most feared,” says Astrono- 
mer Royal Martin Rees, president of the Royal 
Society. Scientists were shocked by the pros- 
pect of a 25% cut, says University of Oxford 


neuroscientist Colin Blakemore, former head 
of the Medical Research Council (MRC). 
“Tt brought people on to the streets. The gov- 
ernment was impressed by the scale of the 
response and how responsible it was,” he says. 

But there are many issues yet to be 
resolved. One is how £2.75 billion of the 
science budget will be divided up between 
MRC and six other research councils that 
give grants to researchers, run national labs, 
and pay for international collaborations. The 
CSR documents say that funding for MRC 
will remain level in real terms—its budget 
will grow to compensate for inflation. That 
means that one or more of the other coun- 
cils will have a real-terms cut. Few if any 
details on capital spending for research have 
been revealed, and it remains to be seen what 
impact a major funding reform will have on 
universities. “Our job is not done. There are 
continuing threats,” says cell biologist Jenny 
Rohn of University College London, who in 
September launched the pressure group Sci- 
ence is Vital to campaign against cuts. 


Knives come out 
Soon after the coalition government took 
power after May’s general election, the 


Leaked 
documents spur 
casualty studies 


Into the streets. Demonstrators led by Science is 
Vital hoist a banner outside the U.K. Treasury. 


U.K.’s Treasury asked each department to 
prepare a range of draft budgets including 
cuts of 10%, 20%, and 30%. Throughout 
the summer and early autumn, departmen- 
tal ministers negotiated with Treasury offi- 
cials over the final level. Alarm bells started 
ringing in early September when Business 
Secretary Vince Cable, whose Department 
for Business, Innovation and Skills (BIS) is 
responsible for the science budget, said in 
a speech: “There is no justification for tax- 
payers’ money being used to support research 
which is neither commercially useful nor 
theoretically outstanding.” On a radio news 
program, he suggested that a cut of 45% in 
BIS’s science budget was possible. 

Many researchers were spurred into 
action. Rohn started a blog and was soon 
joined by others. Three weeks later, the Sci- 
ence is Vital campaign had an estimated 
2000 researchers and students demonstrat- 
ing outside the Treasury. “It was completely 
mad. I didn’t do any lab work,” Rohn says. 
An online petition drew 33,000 signatures 
and 110 members of parliament signed a 
motion supporting research. Well-known 
scientists wrote op-ed pieces for newspapers 
and appeared on TV news programs. “It was 
a very concerted effort,” says Rees. 

It’s widely thought that David Willetts, 
the minister for universities and science at 
BIS, was instrumental in fending off cuts. 
“He was clearly won over to science,” says 
Blakemore. On 20 October, the day of the 
CSR announcement, Willetts spoke to the 
press and was presented with a large bunch 
of flowers by William Bown, publisher of 
the Research Fortnight newsletter. “This 
is exceptionally good news for science,” 
Willetts told reporters. “This is not a tempo- 
rary stimulus package. It’s a guaranteed ring- 
fenced package for 4 years.” 

In addition to the research council funding, 
BIS’s annual science budget includes £1.6 bil- 
lion for “quality-related” (QR) funding, given 
as block grants to the best-performing univer- 
sity departments as judged in periodic assess- 
ments; £150 million for technology-transfer 
projects; and £100 million for the Royal Soci- 
ety, Royal Academy of Engineering, and Brit- 
ish Academy. 

The overall research council funding is 
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guaranteed, but there is concern about how 
it will be divided over the next few weeks. 
The Science and Technology Facilities Coun- 
cil (STFC) is particularly nervous, having 
suffered deep cuts last year that forced it to 
withdraw from a number of international proj- 
ects and reduce grant funding to researchers 
(Science, | January, p. 22). Much of the STFC 
budget is committed to large national labs 
(whose cost is hard to trim) and subscriptions 
to international facilities such as CERN, the 
European Southern Observatory (ESO), and 
the European Space Agency. (The declining 
pound-euro exchange rate has exacerbated 
the latter issue.) Any cuts to STFC would fall 
heavily on the grants it provides to astrono- 
mers, particle and nuclear physicists, and 
space scientists. The research council heads 
have collectively decided not to speak to the 
press before their budgets are decided. But 
STFC chief Keith Mason wrote in a letter 
to his research community: “We obviously 
cannot be certain of the impact on our pro- 
gramme, facilities or staff until we have a final 
budget. ... [T]he CSR outcome isn’t pain free. 
... The job’s not finished.” 

Willetts said that CERN, ESO, and similar 
collaborations were safe for the moment: “We 
have no immediate plans to disengage from 
any international projects, though we will be 
working to keep costs down.” He made no such 
promises over capital spending on research 
facilities, however. These are funded from the 
general BIS capital budget, which will be cut 
by 52% over the 4-year CSR period. “Capital 
spending is a loose end. We will be looking at 
it separately,” says Willetts. 

Still, several projects have been guar- 
anteed funding: new beamlines for STFC’s 
Diamond synchrotron near Oxford; redevel- 
opment of the Institute for Animal Health at 
Pirbright, which was at the center of a foot- 
and-mouth disease outbreak 3 years ago; a 
new building for the Laboratory of Molecu- 
lar Biology in Cambridge; and the new UK 
Centre for Medical Research and Innovation 
(UKCMRI), due to open in London in 2015. 
Completion of UKCMRI was made possi- 
ble by the Department of Health chipping in 
£200 million. “Over the coming weeks we 
will identify other projects” to receive capital 
funding, Willetts says. 

Willetts also suggested that research 
councils wouldn’t feel the pain of inflation 
because BIS aims to find ways to use funds 
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more efficiently, freeing up £324 million 
by 2014-15 that will be plowed back into 
research. Some feel such forecasts are too 
optimistic. “We’ve heard that all before,” 
says Blakemore. BIS will also demand “effi- 
ciency savings” of more than 30% in the 
operating costs of the research councils’ 
headquarters in Swindon and London. 

By including QR funding within the ring 
fence, the government shows that it intends to 
keep the U.K.’s “dual-support” system of block 
grants to universities and competitively won 
grants for research teams or individual scien- 
tists. Yet major changes are afoot for higher 
education funding that could have an impact on 


This is a 
“ring-fenced 
package for 
4 years.” 


—DAVID WILLETTS, 
U.K. SCIENCE 
MINISTER 
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research. At present, university undergraduates 
pay a maximum of £3290 per year in tuition 
fees, and the additional cost of teaching is pro- 
vided to universities by BIS. But in the CSR, 
the ministry has slashed support for tuition by 
40%. The cap on tuition fees will be raised or 
removed so that universities can try to make up 
for these cuts. “This is an enormous amount 
of money being withdrawn,” says Blakemore. 
And, asks Rees, “Will the new funding scheme 
come in soon enough to compensate?” 
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Although these changes to tuition do not 
affect research directly, there could be indi- 
rect impacts. “Science depends on higher 
education to provide scientists,’ says Rohn. 
“If cuts mean an increased teaching load, 
scientists will have less time for research,” 
adds Blakemore. 

Apart from BIS’s science budget, other 
U.K. departments also sponsor research, in 
particular the Ministry of Defence (currently 
£2 billion) and the Department of Health 
(£700 million). The CSR has already guaran- 
teed that Health’s research would stay level in 
real terms, but Defence has yet to reveal the 
fate of its R&D spending. Willetts said that he 
and the government’s chief science adviser, 
John Beddington, have been campaigning 
to prevent departments achieving overall 
budget cuts by raiding their R&D funding. 
Willetts says, “We have a feeling that this issue 
has been understood.” 

The previous Conservative government 
in the 1980s and 1990s cut back severely on 
research spending, which caused a lengthy 
exodus of top scientists from Britain. Willetts 
says the current Conservative—Liberal Demo- 
crat coalition aims to prevent a similar brain 
drain with this research-friendly CSR. Key 
was convincing the coalition’s top powers that 
science could help restore the hum to Brit- 
ain’s flagging economy. “One thing that has 
changed is the level of empirical evidence that 
the scientific community can generate about 
its own research activity—it’s productivity 
and the economic return. That evidence really 
helped the debate,” he says. 

—DANIEL CLERY 
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PLANETARY SCIENCE 


Liquid Water Found on Mars, 
But It's Still a Hard Road for Life 


Researchers appear to have finally achieved 
one of the Phoenix lander’s primary goals. 
After digging through piles of data left from 
the mission to Mars more than 2 years ago, 
they’ve discovered signs that liquid water has 
lately flowed on the frigid planet. 

Inapaper in press in Geophysical Research 
Letters, Phoenix team members report that 
liquid water—probably only thin films of it— 
appears to have concentrated salts onto small 
patches of soil that Phoenix uncovered. The 
water may be liquid every martian spring or 
summer, or perhaps it only melted many mil- 
lennia ago. Liquid water “seems plausible, 
quite reasonable,” says planetary geochemist 
Sushil Atreya of the University of Michigan, 
Ann Arbor. If so, life might—just might—be 
holding out a bit beneath the surface of the 
martian arctic. 

On the face of it, Phoenix team mem- 
bers are merely reporting a second detection 
of perchlorate salts by Phoenix. The lander’s 
mass spectrometer had found the chlorine- 
containing salts uniformly distributed down 
through the soil, a pattern that suggested there 
had been no liquid water to move salts around. 
But planetary scientist Selby Cull of Washing- 
ton University in St. Louis, Missouri, and her 
colleagues later used observations from Phoe- 
nix’s Surface Stereo Imager to map the visible 
and near-infrared “color” of soils exposed by 
the lander’s robotic arm. 

Cull and colleagues found a simple spec- 
troscopic signature of magnesium or cal- 
cium perchlorates, but only in centimeter-size 
patches where the perchlorates had been con- 
centrated. The only way to concentrate per- 
chlorates that way, the group says, would be 
for perchlorates at the soil surface—where 
they settle after the ultraviolet of sunlight 
forms them—to dissolve in liquid water and 
diffuse or flow downward. 

It’s not entirely clear just how water could 
melt at the 68°N-latitude Phoenix site, which 
never got warmer than —28°C. Perchlorates 
do take up water vapor from the atmosphere, 
and they powerfully lower the melting point 
of water, but something more may have been 
needed. 

Cull and her colleagues offer the so-called 
solid-state greenhouse as a possible energy 
source for helping to melt Phoenix ice. Thirty 
centimeters of frozen carbon dioxide—dry 
ice—freezes out of the atmosphere each win- 
ter at the Phoenix site. That’s on top of a thin 
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layer of autumnal water frost. Come spring, 
the translucent dry ice can trap solar energy 
at its base the way a greenhouse built of glass 
does. Such a solid-state greenhouse is thought 
to fuel the carbon dioxide—driven black “spi- 
ders” that mark southern high latitudes each 
martian spring. 


Once wet? Whitish 
patch (in box, above) 

in a Phoenix trench has 
spectral signs (right, 
red) of perchlorate salts. 


But it’s very hard for water to melt under 
dry ice that has to stay at -128°C, says plane- 
tary science consultant Hugh Kieffer of Celes- 
tial Reasonings in Genoa, Nevada. Kieffer 
originated the solid-state greenhouse explana- 
tion for martian spiders. It would be a stretch, 
Cull says, but today’s summer heat might suf- 
fice. Alternatively, melting may have occurred 
during the warmer summers that prevailed 
millennia ago when Mars was tilted farther 
over on its axis. 

Even if a briny dampness returns to the 
martian arctic every year, “it’s not necessar- 
ily a good habitat for life,’ notes astrobiolo- 
gist Christopher McKay of NASA’s Ames 
Research Center in Mountain View, Califor- 
nia. The problem is the perchlorate brine that 
helps lower water’s melting point. On Earth, 
many extremophile microbes have evolved a 
tolerance for high concentrations of salt, he 
notes, but any liquid water at the Phoenix site 
would be even brinier than most Earth brines 
(http://scim.ag/salty-mars). Besides confirm- 
ing the perchlorate patches, then, research- 
ers may want to figure out just how briny the 
waters of Mars might get. 

—-RICHARD A. KERR 
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Policy Blog 


A battle over a prize in the life sciences that 
honors Teodoro Obiang Nguema Mbasogo, 
president and longtime dictator of Equatorial 
Guinea, has ended with the effective cancel- 
lation of the award. The executive board 

of the United Nations Educational, Scientific 
and Cultural Organization has adopted a dip- 
lomatic compromise that would require “con- 
sensus,” thus putting the award on indefinite 
hold. In an interview, an Obiang representa- 
tive said the decision sends “the wrong mes- 
sage.” http://scim.ag/prize_kibosh 
http://scim.ag/obiang_comment 


Next week, citizens in Arizona will vote on 
Proposition 109, which includes language 
that gives “exclusive authority” to lawmakers 
over hunting, fishing, and “harvesting wild- 
life.” The broad wording of the measure has 
some fearing that its passage would remove 
the central role of government scientists 
in wildlife management there. Others say 
the measure’s requirement of “reasonable” 
rules will protect the process should it pass. 
http://scim.ag/AZ_prop109 


An anonymous, self-described “stem cell 
research watch group” has sent e-mails to 
prominent stem cell researchers, scientific 
journals, and reporters raising spurious 
accusations of scientific misconduct in two 
papers. http://scim.ag/spurious-claims 


The death of Bob Guccione, the founder of 
Penthouse magazine, invoked memories of 
his investments in fusion energy research 
and in Omni, a science and science-fiction 

magazine published in the 1980s and ‘90s. 
http://scim.ag/Gucc_fusion 


The University of Virginia and Ken Cuccinelli, 
the state’s attorney general, continue to 
wrangle over documents related to Michael 
Mann, a climate scientist who worked at the 
school until 2005. In the latest twist, the 
university has challenged a third request for 
documents—the first two were thrown out by 
a state judge—as too broad. Cuccinelli says 
the documents are needed to investigate pos- 
sible fraud on grant proposals. 
http://scim.ag/Cuccinellis_saga 


For more science policy news, visit http:// 
news.sciencemag.org/scienceinsider. 
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A NEWS OF THE WEEK 


NEWSMAKER INTERVIEW: CARL WIEMAN 


Nobelist ‘Coach’ Takes On U.S. Science Education 


When President Barack Obama spoke last 
week to students at the first-ever White 
House science fair, he likened them to 
star athletes. “We welcome champion- 
ship sports teams to the White House to 
celebrate their victories,’ Obama said. “I 
thought we ought to do the same thing for 
the winners of science fair and robotic con- 
tests, and math competitions.” 

The comparison is apt, according to Carl 
Wieman, who in September took up the job 
of associate director for science in the White 
House Office of Science and Technology 
Policy. He says students become academic 
champions the same way as they excel on 
the field: through proper training that fea- 
tures repetition of the needed skills, incen- 
tives, and good coaching. 
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The 59-year-old Wieman, who received 
the 2001 Nobel Prize in physics for creat- 
ing the first Bose-Einstein condensates, has 
spent more than a decade understanding 
how students learn. He began his work on 
improving undergraduate science instruc- 
tion at the University of Colorado, Boulder, 
and in 2007 extended it to the University of 
British Columbia, Vancouver, in Canada. 
He’s eager to apply that knowledge as part of 
his job coordinating research and education 
activities across the federal government. 

Wieman sat down with Science on 
21 October to discuss the state of science, 
technology, engineering, and math (STEM) 
education and how he became involved. His 
comments have been edited for length. 

—JEFFREY MERVIS 


Q: What are the key elements in improving 
science education? 

C.W.: My own synthesis of a whole bunch 
of research is that you have to approach it 
as a brain-development process. You look 
at brain images and you have people learn 
something, and you see the brain is differ- 
ent afterwards. It’s a changing of the brain, 
because of having to practice hard. So it’s 
very analogous to a muscle. ... You also 
have to think about motivation. You’re not 
going to work hard to do something if you 
don’t see a reason to do it. ... Then you 
have to think of the right task to give stu- 
dents practice about thinking the right way 
... and then feedback on what they did right 
and wrong. 

... It’s very much like coaching. A good 
coach knows what it takes to perform at a 
high level and what drills are most effective. 
They are also good at motivating athletes 
and providing them with lots of feedback. It 
applies at all levels. 


Q: How will you use this knowledge to 
improve federal STEM education programs? 
C.W.: I hope to be able to help people real- 
ize what programs are more effective, to 
make better use of findings that come out 
of research. ... When I meet with agency 
people, I act as an expert consultant and 
talk about how to design better evaluations 
to measure the effectiveness of what they 
are already supporting. At a higher, policy, 
level, I’ll be talking with [White House bud- 
get officials] about how to design federal 
programs to be more effective. 


Q: What's your reaction to a recent White 
House report [Science, 24 September, 
p. 1582] recommending bonuses for mas- 
ter STEM teachers and the creation of 1000 
STEM-focused schools? 

C.W.: I absolutely agree with their recom- 
mendation on the need for better coordi- 
nation across STEM agencies. And we’re 
already working to do that. Their recom- 
mendation to improve teacher training cites 
the importance of strong content knowl- 
edge. That’s totally consistent with what I 
know about being a good coach. When you 
get into the area of master teachers, how- 
ever, that’s more of a process issue. If you 
don’t understand the process of becoming a 
master teacher, then you can’t do the job. So 
thinking about how to inject expertise into 
the equation is very important. 


Q: Richard Ingersoll has argued for years 
[see p. 580] that the supply of math and 
science teachers is sufficient and that our 
primary focus should be to reduce turnover 
by improving working conditions rather 
than recruiting more teachers. What do 
you think? 

C.W.: Well, I agree that if all you are going 
to say is more, then you'll still have a prob- 
lem. But what’s more important, I think, is 
not just more but better. If you have teach- 
ers who are more skilled, who understand 
better how students learn and can demon- 
strate that expertise in the classroom, you’ll 
have fewer disciplinary problems, and more 
motivated students, and better outcomes. 
And then working conditions will improve, 
too. I think that education is more similar 
to a complicated physics experiment than 
people think. An experiment has an infinite 
number of failure modes, and if you focus 
on just one piece, it’s not going to be suc- 
cessful. 


Q: Why is it so hard for universities to 
improve undergraduate science instruction? 
C.W.: I don’t think that’s the right question. 
The right question is, “Why isn’t science 
instruction better?” A big reason is that the 
research we’ve been talking about is very 
recent. And when you’ve been doing some- 
thing the same way for hundreds of years, it 
takes a while to be convinced that you need 
to change. There’s also the problem of incen- 
tives. We don’t have good metrics for mea- 
suring how to improve learning. 


Q: When did you decide to devote your 
energy to science education? 

C.W.: It began when I started to see common 
patterns among my graduate students in the 
way they were learning to become scientists. 
So I figured that there must be some under- 
lying principles. Then I started dabbling in 
my own experiments. For several years I 
maintained two parallel research groups, one 
in atomic physics and one in physics educa- 
tion. Then I decided that there were incredi- 
ble opportunities to make a difference in our 
current state of knowledge about how peo- 
ple learn. Of course, by then I also had the 
advantage of being a Nobel Prize winner. 


Q: Is STEM a useful acronym? 

C.W.: Not particularly. I don’t understand 
what the T is, to be honest. But it’s probably 
better than any of the alternatives. 
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From Science's Online Daily News Site 


Passengers, Keep Your Shoes On 

A new device could spare air travelers a major 
annoyance: removing their shoes in 
the security line. 

Triacetone triperoxide 
(TATP), the explo- 

» sive of choice 
in footwear— 
“shoe bomber” 

Richard Reid tried 

to ignite his TATP- 
infused shoes aboard 
a flight in 2001—is notoriously difficult to 
detect directly. So chemist Kenneth Suslick of 
the University of Illinois, Urbana-Champaign, 
turned to colorimetric arrays, dots of chemi- 
cals deposited on a plastic square, and an 
acid catalyst called Amberlyst 15. When TATP 
vapor comes in contact with Amberlyst 15, 
TATP breaks down into acetone and peroxide, 
both of which alter an array’s colors in pre- 
dictable patterns that can be compared with 


A handheld 
sensor device. 


New Clues to Higher Primate Origins 


an image database. 

The method detects TATP concentrations of 
two parts per billion within seconds—making 
it sensitive enough to pick up explosives con- 
cealed in shoes, Suslick and colleagues report 
in the Journal of the American Chemical Soci- 
ety. Acompany is now developing a portable 
version of the device that security officials 
could wave near a passenger's shoes. 
http://scim.ag/shoes-on 


Malaria in India Much Worse Than Feared 
The number of people who die every year from 
malaria in India could be 13 times higher than 
current estimates, according to a new study. 
Many malaria deaths occur outside of hos- 
pitals and thus aren't easily recorded. Malaria 
can also strike fast, making it even harder 
to track. To get a better estimate of malaria 
deaths in India, a team of international sci- 
entists led by Neeraj Dhingra of the National 
AIDS Control Organisation in New Delhi sent 


A new discovery in Libya of fossils from several types of tiny primates suggests that 
anthropoids—higher primates that include monkeys, apes, and humans—were well 
established in Africa earlier than previously believed. 

Researchers had long thought that anthropoids arose in Africa, but in the past 
16 years, tiny primates found in Asia—such as the 45-million-year-old Eosimias—have 
emerged as the strongest candidates for the earliest anthropoids. Now an international 
team led by paleontologist Jean-Jacques Jaeger of the University of Poitiers in France 
report in Nature that they've unearthed teeth from four new species of primates in 
central Libya. If the dates of the new fossils are good, this would make them just 
1 million years younger than Africa’s oldest potential anthropoid fossils. It is unlikely 
that so many new species evolved in such a short amount of time. So anthropoids either 
arose in Africa much earlier than thought or arose and diversified in Asia but quickly 
made their way to Africa. http://scim.ag/clues-origins 
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surveyors to 
randomly 
selected areas 
of the country; 
they asked 
families and 
other witnesses 
to describe 
deaths that had 
occurred there 
between 2001 
and 2003. 

When physicians reviewed the reports, they 
attributed 3.6% of roughly 75,000 deaths to 
malaria. That translates to 205,000 malaria 
deaths nationwide every year, the researchers 
report in The Lancet. Ninety percent occurred 
in rural areas, and 86% occurred outside 
of any sort of health facility. Previous World 
Health Organization (WHO) reports put the 
total at 15,000. 

Robert Newman, the director of WHO's 
Global Malaria Programme, says such verbal 
autopsies are notoriously inaccurate. But other 
experts say that the new report's estimate 
could be legitimate, partly because so many 
deaths slip through the cracks and partly 
because, at least in terms of geography, the 
study's stats match up with state-reported 
malaria deaths. 
http://scim.ag/malaria-deaths 


Exercise Boosts Muscle Stem Cells 
Exercising can help you age gracefully by 
keeping you fit. But it turns out that endur- 
ance exercise, like running, doesn’t just tone 
muscles, it enhances muscle stem cells, too. 
Lead author Gabi Shefer of Tel Aviv University 
in Israel and colleagues report in PLloS ONE 
that the number of muscle stem cells, called 
satellite cells, increased after rats spent 

13 weeks running on a treadmill for 20 min- 
utes a day. Younger rats showed a 20% to 35% 
increase in the mean number of stem cells 

per muscle fiber, whereas older rats showed a 
33% to 47% increase. These cells regenerate 
muscles after injury or illness, so the boost 
could explain why human exercisers have bet- 
ter muscle function than nonexercisers as they 
age. Better muscle quality could also delay sar- 
copenia, the decline in muscle mass that occurs 
with aging. Better hit the gym! 
http://scim.ag/muscle-boost 


Read the full postings, comments, and more at 
http://news.sciencemag.org/sciencenow. 
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GENOMICS 


1000 Genomes Project Gives New Map 


Of Genetic Diversity 


Talk about inflation. A decade ago, one 
human genome was the goal. Now nothing 
less than 1000 will do. By sequencing hun- 
dreds of human genomes, the 1000 Genomes 
Project has produced the most detailed 
catalog of human variation ever: a compen- 
dium of millions of previously unknown 
single-nucleotide polymorphisms (SNPs) 
and other variants. This treasure chest of 
genetic data, which was generated by three 
pilot projects, is described in the 28 Octo- 
ber issue of Nature. Researchers are already 
using those data to pinpoint DNA involved 
in both complex and inherited diseases. 
“The resource should have a large impact on 
medical genetics,” says Sekar Kathiresan, a 
cardiovascular geneticist at Massachusetts 
General Hospital in Boston. 

Also, on page 641 of this issue of Science, 
a second analysis describes an approach for 
determining another aspect of genetic varia- 
tion that arises when genes and other stretches 
of DNA are duplicated. There 
is growing interest in these 
so-called copy number vari- 
ants because of their potential 
ties to disease risk (Science, 
7 September 2007, p. 1315). 

Although all humans 
share 99% of their DNA, 
the relatively few differ- 
ences among us matter— 
for disease, personality, and 
other traits. The first large- 
scale effort to identify these 
differences was the Inter- 
national HapMap Project, 
which identified 3.5 million 
SNPs, places on the genome 
where one base might vary 
from one individual to the 
next. Geneticists have since 
used those SNPs in so-called 
genome-wide association studies (GWAS) 
to home in on genes important to diabe- 
tes, heart disease, various cancers, and age- 
related macular degeneration, to name a few. 
But these GWAS covered only variants that 
existed in at least 10% of humans and often 
helped pinpoint a region but not the particu- 
lar base causing the disease risk. The 1000 
Genomes Project addresses these issues. 

In 2008, spurred by rapid advances in 
sequencing technologies, the Wellcome 
Trust Sanger Institute in Hinxton, U.K.; the 


Number of SNPs (millions) 


among people. 


National Human Genome Research Institute 
in Bethesda, Maryland; and BGI in Shen- 
zhen, China, embarked on the 1000 Genomes 
Project with the goal of identifying the SNPs 
that are present at 1% or greater frequency 
among humans, as well as other variants. 
To figure out how to do this, they set up the 
three pilot projects now being reported. Ulti- 
mately, the project will sequence to varying 
degrees 2500 samples from 27 populations 
around the world. The pilot data are already 
publicly available. 

In one pilot, the researchers thoroughly 
sequenced the genomes of two families— 
mother, father, child trios—revealing that off- 
spring inherit about 60 mutations that arose 
in their parents, with slightly more coming 
from the father. The second project involved 
sequencing in less detail the genomes of 
179 people with ancestry from Europe, East 
Asia, or Africa. In the third, the consortium 
determined the sequences of 8140 exons— 
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Pinning down differences. The 1000 Genomes Project has greatly 
increased the number of known single-base differences that can exist 


covering 906 genes—of 697 people. By test- 
ing different sequencing technologies and 
working out ways of preparing and analyzing 
samples, the nine-center group has come up 
with reliable methods of studying variation 
that are rapidly becoming the field’s standard, 
says 1000 Genomes Project co-leader David 
Altshuler, a human geneticist at the Broad 
Institute in Cambridge, Massachusetts. 

The pilot projects identified 15 million 
SNPs—including 8.5 million novel ones—as 
well as | million small insertions and deletions 


and 20,000 other structural variants. “It’s a 
huge increase over what was [known] before,” 
says Gilean McVean, a population geneticist at 
the University of Oxford in the United King- 
dom, who is helping to coordinate the anal- 
ysis of the 1000 Genomes Project. This total 
represents almost 95% of the variants that are 
found in at least 10% of humans. 

Using this new resource, researchers will 
be more likely to find the exact SNP linked to 
a disease, or at least will be able to get much 
closer to it in their GWAS. Working with 
1000 Genomes data, researchers and compa- 
nies are increasing the number of SNPs that 
can be evaluated. In the works are micro- 
arrays that will test for the presence of 5 mil- 
lion or more SNPs—quite an improvement 
over the 1 million typically assessed with 
current technology. 

Researchers are already using the 1000 
Genomes pilot to add missing SNPs to their 
maps of regions associated with disease. 
For instance, Oxford statistician Jonathan 
Marchini, GlaxoSmithKline, and other col- 
laborators took this approach in a meta- 
analysis of 20 studies that had looked for genes 
linked in various ways to smoking. Those stud- 
ies had implicated a cluster of genes on chro- 
mosome 15 that code for proteins that bind 
strongly to nicotine. As they reported in the 
May issue of Nature Genetics, the research- 
ers used 1000 Genomes data to home in on 
a particular SNP that affects transcription of 
one of these genes. “The 1000 Genomes data 
set will allow many other groups to carry out 
fine-mapping experiments in the same way ... 
and will help people focus in on the under- 
lying causal variants,” says Marchini. 

The data can also help track down genes 
involved in rare genetic diseases. Kathiresan 
and his colleagues wanted to find the faulty 
gene ina family with very low cholesterol lev- 
els, in the hope that the gene could provide 
clues about new cholesterol-lowering strate- 
gies. “Our analysis relied on an assumption: 
the causal variant in this family is private to this 
family and therefore, the causal variant would 
not be present in any [existing] public data- 
bases of variation,” Kathiresan explains. With 
the help of the new data, they narrowed their 
search from thousands to 481 SNPs, eventu- 
ally tagging two in a gene called ANGPTL3, 
they reported 13 October in the online edition 
of The New England Journal of Medicine. 

But even the 1000 Genomes Project has 
limitations, as its searches for genetic variation 
tend to skip over variation in large stretches of 
highly duplicated DNA. About 1000 genes lie 
in regions of the genome that have been dupli- 
cated. That realization prompted Evan Eichler 5 
of the University of Washington, Seattle, and & 
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his colleagues to come up with a way to ana- 
lyze this previously impenetrable DNA. 

As described on page 641, Eichler and 
his colleagues have developed a technique 
for counting the number of copies of a gene 
in any duplicated region. The genes can vary 
in copy number among people. The number 
can affect how much of that gene’s protein is 
produced, and consequently, the function of 
that protein. 

Eichler’s team has also come up with a 
way of distinguishing near-identical cop- 


IRAQ WAR 


ies. Over time, copies tend to develop slight 
sequence differences that could also affect 
how that gene—or its protein product— 
works. Eichler’s team has cataloged these 
telltale variant bases for about 70% of the 
duplicated genes. “It’s opened up a whole new 
area of genetic diversity that we have not been 
able to tap previously,” says Eichler. 
Surprisingly, analysis of the 1000 Genomes 
data showed quite large differences in the copy 
number of certain genes between the African, 
European, and Asian populations, Eichler 
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reports. “Humans are more different than we 
would have ever thought,” says Eichler. 
“Once all this variation is revealed, it 
changes the way you can think about [doing] 
genetics,” notes 1000 Genome Project co- 
leader Richard Durbin of the Sanger Institute. 
For most of the history of genetics, researchers 
have been fishing out variation without know- 
ing what was there. Now, “we are right on the 
cusp where we do genetics in the light and 
[see] exactly what it is that we are studying.” 
—-ELIZABETH PENNISI 


Leaked Documents Provide Bonanza for Researchers 


The Pentagon is fuming after last week’s 
release of a huge cache of classified Iraq 
War data by the organization WikiLeaks. But 
researchers struggling to build an accurate 
picture of the death toll in post-invasion Iraq 
are thrilled. “It is hard to overstate the sig- 
nificance of this development for the conflict 
field,’ says Michael Spagat, an economist at 
Royal Holloway, University of London, U.K. 
Within the nearly 400,000 leaked doc- 
uments is a stream of raw data called 
SIGACTS—for Significant Activities—that 
chronicles the casualties directly observed 
by U.S. soldiers in Iraq. In late summer, 
WikiLeaks passed a copy of these data to Iraq 
Body Count(IBC), a London-based organiza- 
tion that has tallied the war’s death toll using 
media reports of casualties. Their numbers 
do not include insurgents or soldiers. And 
because not every violent death is reported 
in the media, IBC’s numbers are known to be 
an underestimate of the true number of war 
dead. But how much higher the true num- 
ber is has been a source of intense debate, 
with surveys of Iraqi households yielding a 
wide spread of casualty estimates (Science, 
20 October 2006, p. 396). As Science went to 
press, the IBC toll for Iraqi civilians stood at 
98,585 to 107,594 violent deaths. 
According to the IBC analysis of the 
leaked SIGACTS data, published online on 
25 October, more than 109,000 violent deaths 
3 in Iraq were logged by the U.S. military 
Zz between January 2004 and December 2009. 
z Of these, over 79,000 were civilian deaths 
9 comparable to those logged by IBC, which 
< recorded about 91,000 over the same period. 
3 By extrapolating from a sample of the data, 
5 IBC estimates that at least 27,000 civilian 
% deaths went unrecorded by the U.S. military, 
5 while the military observed 15,000 compa- 
5 rable deaths that the media missed. Most of 


Buried data. WikiLeaks’ Julian Assange at a briefing on the release of classified Iraq war records. 


dents of violence, with between one and three 
casualties. This confirms a widely assumed 
bias in media reporting in favor of larger inci- 
dents, such as suicide bombings. “But with 
such a huge overlap, it does not seem very 
likely that there are a large number of civilian 
deaths missed by both sources,” says Spagat, 
who helped IBC with its analysis. 

Taking the WikiLeaks data into account, 
IBC now estimates that at least 150,000 have 
died violently during the war, 80% of them 
civilians. That falls within the range produced 
by an Iraq household survey conducted by 
the World Health Organization—and fur- 
ther erodes the credibility of a 2006 study 
published in The Lancet that estimated over 
600,000 violent deaths for the first 3 years of 
the war (Science, 18 January 2008, p. 273). 

The leaked data are sure to keep research- 
ers busy for months to come. Besides the 
number of casualties, the SIGACTS release 


lence and other information that has not 
been available until now. But there could be 
serious challenges to those hoping to pub- 
lish an analysis, says Gary King, director of 
the Institute for Quantitative Social Science 
at Harvard University. “I have had a couple 
of students asking [Harvard] for permission 
to use the previous WikiLeaks data release, 
and last I heard they still weren’t allowed to 
touch it.” But others are more optimistic. 
“As long as the data is stripped of informa- 
tion that could be used to identify anyone, 
it shouldn’t be a problem,” says Christian 
Davenport, a political scientist at the Uni- 
versity of Notre Dame in Indiana who stud- 
ies conflict mortality. “What’s important is 
that people appreciate the complexity.” For 
example, he says, “we don’t know exactly 
how these data were gathered.” It represents 
the results of an experiment, “but we don’t 
know the methods.” 

-JOHN BOHANNON 
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WHEN STEPHEN BAYLIN AND PETER JONES 
began their research careers about 3 decades 
ago, they found themselves challenging the 
cancer establishment. Tumor cells are typi- 
callyriddled with genetic mutations, and most 
cancer biologists suspected that these altered 
DNA sequences were driving the uncon- 
trolled cell growth. But Baylin and Jones— 
initially rivals and later collaborators— 
suggested that another factor was a suite 
of chemical modifications to DNA and its 
accessory proteins that determines whether 
genes are turned on. 

For years, they were virtu- 
ally ignored at meetings. “There 
would be a sort of glaze in peo- 
ple’s eyes,” says Jones, who is at 
the University of Southern Cali- 
fornia in Los Angeles. But today, 
many cancer biologists agree that DNA 
methylation, a process in which enzymes 
tack methyl groups onto genes and block 
their activity, and other so-called epi- 
genetic changes might be as important as 
genetic mutations in causing cancer. Last 
year, Baylin and Jones received an award 
from the American Association for Cancer 
Research (AACR); the presenter noted that 
“The two of us worked sort of like salmon 
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Power couple. Cancer epigenetics pioneers 
Stephen Baylin (top)and Peter Jones are treat- 
ing tumors with thédrug Vidaza (green), which 
replaces cytosinesan DNA, then prevents a key 
enzyme (red)rom transferring methylation 
patterns to datighterce 


fe 
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Armed with nearly $ 
“dream team” hopes to prove that a new approach to cancer 
therapy can halt solid tumors 


swimming upstream,” recalls Baylin wryly, 
in his sunny fifth-floor corner office at Johns 
Hopkins University overlooking downtown 
Baltimore, Maryland. 

AACR has also helped select Baylin and 
Jones, as leaders of a so-called epigenetics 
dream team, to receive more than $9 million 
from Stand Up To Cancer, a glitzy Hollywood 
campaign that has raised nearly $200 million 
for research with star-laden telethons. The 
3-year grant has helped fund the first phase 
II clinical trials to test DNA demethylating 
drugs—already used success- 
fully to treat a blood cancer—for 
solid tumors such as lung cancer. 
The idea is not to kill cancer cells 
but to correct their DNA methy- 
lation and thereby “reprogram” 
them to behave more normally, 
Baylin says: “It really is a different way of 
looking at therapy.” 

The two are again running into skepti- 
cism in the cancer community. Some scien- 
tists worry that instead of resetting epige- 
netic patterns, the primary drug Baylin and 
Jones are testing simply kills cells, whether 
cancerous or healthy ones, and therefore has 
toxic side effects. Precisely how the treat- 
ment works isn’t yet known. And because 


illion raised by telethons, aresearch 


drugs that remove methyl groups from DNA 
can potentially switch on hundreds of genes 
in healthy cells, including known oncogenes, 
there is concern that the drugs could cure one 
kind of cancer but cause another. “From a sci- 
entific point of view, you would like to know 
why these drugs sometimes work and develop 
more specific agents,” says Johns Hopkins 
cancer geneticist Bert Vogelstein, whose lab 
neighbors Baylin’s. 

More specific versions of the drugs being 
tested by the epigenetics dream team are in 
fact in the pipeline. But molecular biologist 
Phillip Sharp of the Massachusetts Institute of 
Technology (MIT), who chaired the AACR 
committee that selected the Baylin and Jones— 
led effort for the Stand Up To Cancer funding, 
says the project seemed worth the investment 
to gauge the promise of cancer epigenetic ther- 
apies. Raising money to test the key drug was 
particularly important, Sharp says, because 
the U.S. patent will soon expire, dulling the 
interest of pharmaceutical companies: “Very 
few companies will want to put serious money 
into this until someone shows it works.” 


Muffled genes 
The field of cancer epigenetics took off in the 
1970s, when Jones’s lab was experimenting 
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with a potent cancer cell-killing compound 
developed in Czechoslovakia. Jones noticed 
that this compound, azacitidine, could turn 
embryonic mouse cells into muscle and did 
so without mutating DNA. He showed that 
the compound was turning on a muscle- 
development gene that had been shut off by 
methylation. From this work, Jones suggested 
that changes in DNA methylation might be 
linked to aberrant gene expression in cancer. 
Not long after, researchers began to doc- 
ument abnormal DNA methylation in most 
kinds of cancer cells. Some at Johns Hop- 
kins, including Vogelstein, reported in 1983 


that in colon cancer, much of a tumor cell’s 
genome is stripped of these methyl groups. 
Yet Baylin noticed that certain genes in can- 
cers tended to have too much methylation, 
particularly so-called tumor suppressor genes 
that normally check cell growth. Baylin’s 
lab eventually showed that methylating such 
genes could be as effective at silencing genes 
as mutating them. 

The growing understanding of epigenet- 
ics suggests a new way of treating cancers, 
because, unlike mutations, changes to a gene’s 
methylation can be reversed. For example, 
silenced tumor suppressor genes might be 
turned back on. In theory, this might be done 
with compounds that lead to the loss of the 
methyl groups from DNA by interfering with 
the enzyme DNA methyltransferase (DNMT). 
As it happens, azacitidine, the DNMT inhib- 
itor that sparked Jones’s interest in methyla- 
tion, and a similar compound, decitabine, did 
undergo early clinical testing for cancers in the 
1970s and 1980s, but both were abandoned at 
the time because they were too toxic. 

Partly through “serendipity,” says Jean- 
Pierre Issa of MD Anderson Cancer Center 
in Houston, Texas, he and a few other clinical 
researchers revisited these drugs in the 1990s. 
While searching for a treatment for myelodys- 
plastic syndrome (MDS), a preleukemia con- 
dition, the investigators discovered that the 
two compounds could safely slow the cancer. 
The key, notes Issa, was to ignore the conven- 
tional practice of giving patients as much of 
a cancer drug as they can safely tolerate. A 
medical oncologist named Lewis Silverman 
at Mount Sinai School of Medicine in New 
York City was treating elderly MDS patients 
and found that relatively low doses of azaci- 
tadine improved health and extended survival 
in 30% to 60% of those treated and sent a few 
into remission. 

Meanwhile, Issa followed up on lab obser- 
vations suggesting that at low doses, decit- 
abine might stop cancer cells from dividing by 
reactivating tumor suppressor genes. That, he 


Genes Link Epigenetics and Cancer 


Despite abundant evidence that most kinds of tumor cells carry so-called 
epigenetic changes, scientists haven't yet worked out exactly whether 
such glitches are a cause or a consequence of disease. That's one reason 
for skepticism about cancer treatments that target epigenetic features 
such as DNA methylation and chromatin structure (see main text). But 


recent reports that genes affecting the latter are mutated in several 
types of solid tumors could help resolve this conundrum. The discover- 
ies bolster the notion that epigenetics can drive cancer, says Jean-Pierre 
Issa of MD Anderson Cancer Center in Houston, Texas. 

In the past 2 years, projects in the United States and Europe that are 
systematically cataloging genetic changes in cancer have turned up muta- 
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and others realized, could offer a way to stop 
tumor growth that is gentler than killing cells 
outright. Issa started clinical trials of low-dose 
decitabine for MDS patients and was soon 
having success similar to Silverman’s. Their 
trials led the U.S. Food and Drug Administra- 
tion (FDA) to approve azacitidine (marketed 
as Vidaza) in 2004 and decitabine (Dacogen) 
in 2006 for treating MDS. 

It makes sense, researchers say, that these 
two drugs help cancer patients only at low 
doses given the way they work. In structure, 
they mimic cytosine, one of the four bases of 
DNA. During cell replication, the fake cyto- 
sine swaps places with real cytosine in grow- 
ing strands of DNA, then traps DNA meth- 
yltransferases, interfering with the ability of 
these enzymes to reproduce the cell’s existing 
methylation in the new DNA of the daugh- 
ter cell. If the drug dose is too high, the cells 
simply die. At low doses, the cells survive but 
with less DNA methylation. 


Building on success 

With the money from Stand Up To Cancer, 
the epigenetics dream team is now extending 
the clinical trials of DNMT inhibitors to lung, 
breast, and colon cancers. There’s no reason 
why such drugs should not work on solid 
tumors as well, Baylin and Jones say. 

The team is combining the DNMT inhibi- 
tors with histone deacetylase (HDAC) inhibi- 
tors, another class of compounds that target 
epigenetic changes in cancer cells. Within 
the cell’s nucleus, DNA is wound around pro- 
teins called histones that are packed together 
to form a package called chromatin. Some- 
what like DNA, these histones can also get 
chemically tagged by methyl groups and 
acetyl groups. These tags determine the chro- 
matin’s structure, influencing whether cer- 
tain genes are on, and scientists have found 
abnormal histone acetylation patterns in vari- 
ous types of cancer cells. Indeed, a compound 
that in cell studies appeared promising as an 
anticancer drug ultimately turned out to be an 


tions in genes whose encoded proteins modify chromatin, DNA’s packag- 
ing structure. These genes include JAR/D1C, mutated in 3% of 407 kidney 
cancer tumors, according to a report early this year in Nature; and ARID1A, 
which two separate teams last month found mutated in roughly 50% of 
about 160 samples of a type of ovarian cancer (Science, 8 October, p. 228). 
Mutations in a gene called BRG1 have also been found in 24% of 59 lung 


Exploring the function of these mutations may enable researchers to 
trace the exact pathways by which epigenetic changes trigger cancer, says 
Andrew Futreal of the Wellcome Trust Sanger Institute in Hinxton, U.K.: 
“There's a complicated story developing here.” 
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HDAC inhibitor. This drug, known as SAHA 
(Zolinza), like other HDAC inhibitors, blocks 
the removal of acetyl groups from histones. It 
was approved in 2006 by FDA for treating a 
rare immune system cancer called cutaneous 
T-cell lymphoma. 

Cell studies by Baylin’s group have shown 
that the two types of epigenetic therapies 
should synergize, which is why the Stand 
Up To Cancer team is venturing ahead with 
a combination approach, initially testing 
Vidaza and the HDAC inhibitor Entinostat 
for advanced non-small cell lung cancer in 
a trial at Johns Hopkins. The unpublished 
results, says Baylin, are promising for patients 
with cancer that had spread despite several 
chemotherapy treatments. The drug combo 
has slowed or stopped tumor growth in 30% 
of 28 patients and has pro- 
duced “very robust and 
durable responses” in four 
people, he adds, shrinking 
or even eliminating their 
tumors for at least 1.5 years. 

Two-thirds of the people 
in the trial were not helped 
by the treatment, however. 
Baylin and others offer 
several explanations. Not 
enough of the drug may be 
getting into the lung tumor 
cells, the researchers sug- 
gest, noting that a more sta- 
ble DNMT inhibitor, which 
the team will use in a future 
trial, may help. Another 
possibility is that, because 
they have received chemo- 
therapy, these advanced cancer patients 
may have already developed “resistance” to 
nucleus-targeting drugs (including the epi- 
genetic treatment). Mutations in their tumor 
cells may have closed off the drugs’ access 
points to the nucleus, Issa says. To test this 
idea, the Stand Up To Cancer team plans to 
try the epigenetic drugs on cancer patients 
who have had surgery but no chemotherapy. 

Yet another explanation is that only some 
patients’ tumors are driven by epigenetic 
changes (see sidebar). Indeed, the team is 
examining the DNA methylation and gene 
expression of each patient in their trials, with 
the hope of finding a pattern that predicts 
whether a person will respond to the drug 
combo. Others are also taking this approach. 
In the 20 October issue of Science Trans- 
lational Medicine, researchers at the U.S. 
National Cancer Institute report that they 
have used epigenetic and gene-expression 
signatures to classify liver cancer cell lines 
into two distinct types: one that dies when 


Stevie Wonder. 


treated with a DNMT inhibitor and one that 
does not. 


Room for improvement? 

As the Stand Up To Cancer team pushes ahead 
with its solid-tumor trials, skepticism contin- 
ues about the drugs being tested, most of it 
centering on questions about the mechanism. 
“The drugs do work at low doses, and they do 
change epigenetic modification patterns, but 
it is not clear whether the clinical benefits are 
due to the epigenetic changes,” says molecu- 
lar biologist Frank Lyko of the German Can- 
cer Research Center in Heidelberg. DNA- 
demethylating drugs such as azacitidine 
and decitabine may simply be killing cells, 
he suggests. And HDAC inhibitors, which 
act on many cell pathways, may be changing 


Dollars for cancer. 
The Stand Up To Cancer 
group chose epigenetic 
therapies as a dream- 
team project funded by 
telethons such as this 
2010 one featuring 


some that have nothing to do with epigenet- 
ics, such as acetylation patterns in proteins in 
cytoplasm. Paul Marks of Memorial Sloan- 
Kettering Cancer Center in New York City, 
who developed the first HDAC inhibitors, 
agrees: “We’re still in the very early stages 
of trying to understand how best to use these 
inhibitors in a clinical setting.” 

And even if DMNT inhibitors do epi- 
genetically reprogram cancer cells, they could 
also turn on genes that cause cancer. Rudolf 
Jaenisch, a developmental biologist at MIT, 
has conducted mouse studies that illustrate 
this potential problem. He and his colleagues 
have shown that if they disable the gene for 
a DNA methyltransferase, the mice eventu- 
ally develop a type of lymphoma (Science, 
18 April 2003, p. 489). “One has to be cau- 
tious playing with a mechanism that could 
have several potential effects,” he says. 

Jaenisch says his group’s mouse results 
may not be relevant to adult cancer patients 
undergoing treatment with DNMT inhibitors 


because the clinical doses don’t seem high 
enough to match knocking down the gene for 
a methylating enzyme. Still, Jaenisch lauds 
efforts by researchers such as Lyko, a former 
postdoc in his lab, to develop drugs that dem- 
ethylate DNA by blocking one or more of the 
DNA methyltransferase enzymes rather than 
globally suppressing methylation by incor- 
porating a fake cytosine into DNA. Such spe- 
cific enzyme inhibitors should demethylate 
fewer genes and perhaps reduce the potential 
for side effects. 

Baylin and other members of the epigenet- 
ics dream team are quick to respond to such 
criticisms. They say there is plenty of evidence 
that the drugs they’re testing aren’t mere cell 
killers. “You see things in the clinic that you 
never see with cytotoxic drugs,” says Issa. 
He points to MDS patients’ 
slow response time—some 
show no change in cancer 
growth for months—and he 
notes that people can stay on 
the drugs a long time with- 
out serious toxicity. Jones 
says that because most nor- 
mal cells aren’t dividing and 
don’t have messed-up meth- 
ylation patterns, they should 
be little affected. The drugs 
“are targeting an abnormal 
chromatin state not present 
in normal cells,” Jones says. 

Whether more specific 
drugs will work better is 
debatable, says Baylin, who 
calls himself “agnostic” on 
the issue. The wide-ranging 
effects of the older drugs may actually make 
them more effective, he and Jones suggest. 

Baylin says that how DNMT inhibitors 
stymie cancer should soon become clearer. 
His own lab hopes to publish a study showing 
that when very low doses of decitabine and 
azacitidine—similar to those given to MDS 
and lung cancer patients—are added to cul- 
tured leukemia and breast cancer cells, the 
cells don’t die right away. Instead, the cells die 
days or weeks later, perhaps because they act 
more like normal cells and can’t survive in the 
foreign environment in a tumor. Most intrigu- 
ing, says Baylin, is that his experiments sug- 
gest that the drugs reprogram cancer stemlike 
cells, a much-debated type of tumor-initiating 
cell that resists traditional cancer drugs. 

Nonetheless, he and Jones may still have 
a long way to go to convince colleagues that 
low doses of DNA-demethylating drugs can 
control cancer in people. “This is not going to 
be easy,” Baylin says. “Maybe we’ll continue 
to swim upriver.” —-JOCELYN KAISER 


29 OCTOBER 2010 VOL330 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDIT: RICHARD HARBAUGH/ABC 


Downloaded from www.sciencemag.org on October 28, 2010 


CREDIT: ADAPTED FROM D. L. THOMAS ET AL., NATURE 461 (8 OCTOBER 2009 


PHARMACOGENOMICS 


Gene Variants Affect Hepatitis C 
Treatment, But Link Is Elusive 


Genome scans have turned up single nucleotide polymorphisms associated with different 
responses to treatment, but efforts to uncover the mechanism have drawn a blank 


Ever since researchers identified the hepa- 
titis C virus (HCV) almost 3 decades ago, 
they have known that individuals differ in 
their ability to fend off the virus and in their 
responses to treatment. But what lies behind 
those individual differences has been a mys- 
tery. A year ago, three groups independently 
came up with part of the answer: Patients 
with a particular variant of a gene called 
JL28B tend to fare better than others in bat- 
tling the virus. The finding promised new 
insights into the complex interplay between 
the immune system and HCV, which is esti- 
mated to infect 4 million people in the United 
States and 170 million worldwide. 

A diagnostic test for the /228B variants 
recently became available. Itis helping to guide 
decisions on whether, and when, patients begin 
treatment with the current therapy, a combina- 
tion of pegylated interferon-c and the antivi- 
ral drug ribavirin. And there are hints that the 
IL28B polymorphisms may play a similar role 
in responses to treatment with two new drugs 
that are expected to be approved early in 2011. 
So far, however, research to determine why 
different versions of the gene provide different 
levels of protection against HCV and different 
responses to treatment have “hit a brick wall 
at every turn,” says geneticist David Goldstein 
of Duke University in Durham, North Caro- 
lina, a lead investigator for one of the groups 
that made the initial finding. 

Last year’s findings came from whole- 
genome scans that looked for associations 
between genetic variants known as single- 
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nucleotide polymorphisms (SNPs) and treat- 
ment outcomes. They pointed to three SNPs, 
CC, CT, and TT, that are very close to /Z28B. 
Patients with the CC genotype tend to respond 
well to treatment and also have higher rates 
of eradicating the virus without drug inter- 
vention—a phenomenon known as sponta- 
neous clearance, observed in about 30% of 
HCV patients. By contrast, those with the CT 
and TT alleles tend to fare poorly. Treatment 
is often ineffective and poorly tolerated, and 
spontaneous clearance is unlikely. 

The finding explained one baffling hall- 
mark of hepatitis C: The treatment is less 
effective for African Americans than for 
patients of European and Asian ancestry. The 
CT and TT alleles, it turns out, are far more 
common among African Americans, while the 
CC allele is more common among Europeans 
and Asians. The polymorphism accounts for at 
least half the difference in treatment response 
between these groups. 

Several labs immediately turned their 
attention to uncovering the mechanism link- 
ing the /L28B polymorphisms and treatment 
responses, in the hope that it might point the 
way to better treatments. The implications 
could extend beyond HCV. “It’s such a big 
effect, I would imagine it’s not completely 
exclusive to hepatitis C,’ says Goldstein, who 
theorizes that the CC allele might be protec- 
tive against other infectious agents more com- 
mon in Asia than in Africa. Early results of 
these studies are now coming in, and they are 
mostly disappointing, defining no clear route 
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from polymorphism to patient outcome. 

According to a recent publication by 
Goldstein’s group in Hepatology, the three 
SNPS don’t seem to affect the level of expres- 
sion of the /L28B gene itself, which would 
have been perhaps the most direct pointer to 
new therapies. The Duke group and research- 
ers at Kanazawa University in Japan and the 
University of Basel in Switzerland separately 
found that the CC allele is associated with 
lower baseline expression of genes in the 
liver that are stimulated by interferon. The 
finding is puzzling, considering that inter- 
feron blocks viral reproduction. “Somehow 
this must be connected to the mechanism,” 
says Goldstein, who theorizes that the higher 
baseline expression associated with the CT 
and TT alleles might weaken the pathway 
by which the body responds to interferon 
treatment. The exact connection between 
the JL28B alleles and interferon-stimulated 
genes remains a mystery, however. 

While researchers are exploring the biol- 
ogy behind the polymorphisms, physicians 
are beginning to use the associations to help 
guide treatment. In July, the U.S. Food and 
Drug Administration approved LabCorp’s 
test for the three SNPs, which costs $300 to 
$350. As David Thomas of Johns Hopkins 
University School of Medicine in Baltimore, 
Maryland, another lead investigator on the ini- 
tial JL28B studies, explains, the test can help 
patients and physicians decide whether to ini- 
tiate, delay, or skip treatment, which can have 
debilitating side effects. “This test has obvi- 
ous implications because it gives you very 
important information about the likelihood of 
response,” says Thomas. 

That information may also apply to the 
next generation of anti-HCV treatment. Early 
next year, FDA is expected to approve two 
proteasome inhibitors, telaprevir and bocepre- 
vir, which would be added to the current inter- 
feron and ribavirin combination. A study pub- 
lished in the August issue of Hepatology, in 
which 81 Japanese HCV patients were given 
the triple combination therapy, hints at the 
same association between the /Z28B alleles 
and treatment response. Of the 42 patients 
with the CC allele, 84% experienced a long- 
lasting response to the triple combination 
therapy. By contrast, only 32% of those with 
the CT and TT alleles had the same benefit. 

The work indicates the potential benefits 
of including genetic studies as a component 
of drug trials. Goldstein, for one, thinks this is 
an area that is ripe for academic-industrial col- 
laboration. “There are many trials with high- 
quality data,” he says, “but the careful genetics 
just haven’t been done.” -JESSICA WAPNER 
Jessica Wapner is a science writer in New York City. 
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U.S. SCIENCE EDUCATION 


Data Say Retention Is Better Answer 
To ‘Shortage’ Than Recruitment 


Most efforts to improve STEM education start with recruitment. But working with 
those teachers already in the classroom may yield a bigger payoff 


Finding science teachers who want to 
teach at Henninger High School has never 
been a problem, says Mickey Grosnick. 
Grosnick should know: She graduated from 
the Syracuse, New York, public school in 
1967, returned there 16 years later to teach 
biology, and spent almost 2 decades as chair 
of the science department before retiring in 
June after a 37-year career as a secondary 
school science teacher in the district. 

But keeping them is another story. 
Grosnick remembers a year earlier in 
the decade when a wave of retirements at 
Henninger required the hiring of five new 
science teachers at the same time. (The 
school typically has a fairly low turnover 
rate.) Within a few years, however, all of 
them were gone. “There were a lot of rea- 
sons. They didn’t like the setting, the large 
classes, the confrontations with students, 
the lack of resources,” says Grosnick. “I 
guess they just weren’t comfortable teach- 
ing in a large, urban district.” 

Conventional wisdom has it that the 
dismal performance of U.S. students on 
international math and science tests can 
be blamed in large part on an inadequate 
supply of good teachers. That assumption 
has fueled initiatives by several higher 
education and business groups aimed 
at eliminating the shortage by pumping 
up the supply. And the White House has 
applauded the effort. In his 2006 State of 
the Union address, President George W. 
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Bush announced that his Administration 
would strive to “bring 30,000 math and sci- 
ence professionals to teach in classrooms.” 
President Barack Obama has talked repeat- 
edly of “preparing 100,000 STEM [sci- 
ence, technology, engineering, and math- 
ematics] teachers over the next decade.” 
And last week, at a White House science 
fair, Obama reiterated his belief that train- 
ing more STEM teachers is the key to meet- 
ing his goal “to move [the country] from 
the middle to the top in math and science 
education over the next decade.” 

But what if the conventional wisdom is 
wrong? Is there really a national shortage of 
STEM teachers? 

A new analysis by Richard Ingersoll, an 
education policy researcher at the Univer- 
sity of Pennsylvania who has tracked teacher 
workforce issues for 2 decades, suggests that 
the problem lies further down the pipeline. 
The title of his article in the September issue 
of the American Educational Research Jour- 
nal poses the provocative question, “Is the 
Supply of Mathematics and Science Teach- 
ers Sufficient?” And his answer, unambigu- 
ously, is yes. “The problem is retention, not 
recruitment,” says Ingersoll. “In the same 
year that Bush called for recruiting 30,000 
STEM teachers, we had 26,000 quit. That’s a 
terrible waste of talent.” 

That conclusion, he admits, “is heresy” 
to most science educators and advocates. It 
also has important policy implications (see 
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sidebar, p. 581). “When I started this work I 
assumed, like everybody else, that we have a 
critical shortage,” he says. “And it was only 
slowly that I came to these contrarian views. 
Now I’m getting hate mail from people say- 
ing that I’m undermining their arguments to 
politicians and college presidents about the 
need to train more STEM teachers.” 

There are approximately 3.6 million pub- 
lic school teachers working in 90,000 school 
districts across the 50 states. Almost 500,000 
are classified as math and science teachers. 
(That number represents only secondary 
schools—grades 7 through 12. Elementary 
school teachers are generally certified to 
teach all subjects, and there are no reliable 
figures for how many concentrate on science 
or math.) And every year, the media report 
that some school districts are struggling to 
find enough math and science teachers. 

Ingersoll wanted to get a better handle on 
the supply side and to replace anecdotes with 
hard data. So he examined teacher flows, 
that is, the number of teachers hired for any 
particular school year and the number who 
leave, for whatever reason, at the end of the 
year. Ingersoll combined data from three 
federal education surveys to paint a much 
more complete, and nuanced, picture than 
ever before of those joining and leaving the 
STEM teacher workforce. 

One discovery was that newly certified 
teachers fresh out of education schools— 
the usual metric for whether the country is 
producing “enough” STEM teachers—were 
only a small part of the overall hiring pool. 
The single biggest source of new staff mem- 
bers is what he calls reentrants: teachers with 
math and science degrees who are not cur- 
rently in the classroom (see pie chart). The 
next biggest group is those with STEM con- 
tent degrees (biology or chemistry rather 
than education, for example), followed by 
those who delayed their entry into the pro- 
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Data, at last. This pie chart (/eft) shows the backgrounds of math and science teachers hired in 1999, which was a peak year for schools having trouble fill- 
ing vacancies (middle). The bar graph (right) shows that the teacher supply has grown faster than enrollments over the past 20 years. 
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fession after becoming qualified to teach in 
a STEM field. Only one in eight is a newly 
minted teacher with either an undergradu- 
ate degree in education or both content and 
education degrees. 

Ingersoll’s analysis also shows that, 
despite burgeoning student populations and 
more required math and science courses, the 
supply of math and science teachers actually 
increased at a faster rate between 1988 and 
2008 than did enrollments in those courses. 
(Of course, schools don’t have the option of 
leaving a classroom vacant, as a company 
might leave a position unfilled until it finds 
the right person.) The widespread perception 
that math and science are “shortage” areas, 
he surmises, comes from the attention given 
to a relatively small percentage of schools 
that must scramble to fill their teaching ros- 
ters. Turnover among STEM teachers isn’t 
any higher than for other fields, he finds, 
but there’s less of a cushion of candidates 
in math and science than in, say, English or 
social studies. 

In a second paper, from the Consortium 
for Policy Research in Education (CPRE), 
Ingersoll and consortium colleague Henry 
May examine the factors leading to staff 
turnover. For math teachers, the lack of class- 
room autonomy, weak professional develop- 
ment, and student discipline are the primary 
reasons for leaving. Professional develop- 
ment and discipline are also important for 
science teachers, although low salaries are 
their biggest gripe. (Math teachers don’t cite 
salary as a major concern.) 

The CPRE paper reports that “high 
poverty, high minority, and urban public 
schools have among the highest mathemat- 
ics and science [teacher] turnover levels.” 
But it’s lousy working conditions, not bad 
students, that contribute to high mobility, 
says Ingersoll: “Teachers aren’t fleeing 
poor kids. They are fleeing poor jobs.” The 
solution is to address the reasons teachers 
are leaving rather than continually trying to 
refill a leaky pipeline, says Ingersoll, add- 
ing that the solutions to many of the prob- 
lems wouldn’t involve a lot of money. 

Not surprisingly, some researchers have 
raised questions about some of Ingersoll’s 
assumptions. Jennifer Presley, head of sci- 
ence and mathematics education policy at 
the Association of Public and Land-Grant 
Universities (APLU), thinks Ingersoll has 
exaggerated the reserve pool of teachers. 
She argues that many more teachers than he 
assumes drop out for good once they leave 
a job, and others with degrees never enter 
the classroom. She also points out that data 
Ingersoll relies on are nearly 10 years old 
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What's in a Number? 


Ingersoll’s research does more than just question whether teacher recruitment should be the top 
priority for improving science, technology, engineering, and math (STEM) education in the United 
States. It also casts doubt on the key number President Barack Obama uses to promote his educa- 
tion policy. The source is Rising Above the Gathering Storm (RAGS), a 2005 National Academies’ 
report that recommends offering 4-year, government-funded STEM scholarships to “annually recruit 
10,000 of America’s brightest students into the teaching profession.” Obama’s self-proclaimed 
“ambitious goal” of preparing 100,000 new STEM teachers, for example, would continue that level 
of output for a decade. 

To be fair, the academies’ report 
also talked about the need to improve 
the quality of the STEM teaching force. 
But policymakers overwhelmingly 
mention its emphasis on boosting the 
number of teachers when they cite 
the report. 

But how does that number com- 
pare to current levels of production? 
And how far would training 10,000 
more STEM teachers a year go toward 
achieving Obama's goal of making 
the country No. 1 in math and science 
education? 

Michael Allen, an educational con- 
sultant who's working with the Association of Public and Land-Grant Universities (APLU) on an initia- 
tive at 125 member institutions to train more science and math teachers, conducted a futile search 
for what would be the first logical step toward specifying the number of new teachers needed. “I find 
it totally incredible that no agency collects data on how many math and science teachers are creden- 
tialed each year,” he says. “| think that the number in the RAGS report was taken out of thin air.” 

Ellen Lagemann, an education historian at Bard College in Annandale-on-Hudson, New York, 
and former dean of the Harvard Graduate School of Education who co-chaired a recent study by 
the National Academies on teacher preparation programs, believes that “the number is essentially 
meaningless.” Her report, which focused on reading, math, and science, found that “there have 
been no systematic efforts to collect the necessary data” to know who's being trained for what, much 
less the quality of the instruction. Even its seemingly innocuous description of the type of research 
needed to determine what needs to be improved provoked a dissent from one panelist who com- 
plained that the literature is too sparse to even design such studies. 

“Until we get better baseline data on how many teachers are being trained and the nature of that 
preparation,” says Lagemann, “it’s just plain silly” to try to quantify what's needed. -).M. 


loners 


At the wheel. President Obama tests a device to combat 
distracted driving at the White House science fair. 


A 


and may not reflect current conditions. Oth- 
ers accept his overall conclusion but main- 
tain that a shortage does exist in some areas, 
especially physics. 

Much of the data in both papers are 
drawn from 1999-2000 because all three 
federal surveys, done periodically, were 
conducted during that academic year. (The 
Schools and Staffing Survey is based on a 
random national sample of teachers, prin- 
cipals, and school districts. The Teacher 
Follow-Up Survey tracks a representative 
sample of those teachers 1 year later. And 
the Baccalaureate and Beyond Longitudi- 
nal Survey polls a representative sample 
of new bachelor’s-degree recipients.) That 
year was also a peak for schools reporting 
serious difficulties in filling teacher vacan- 
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cies, Ingersoll notes, meaning that the data 
should capture any purported shortage at 
its worst. 

Presley, who’s working with 125 of 
APLU’s member institutions on an initia- 
tive to train more science and math teachers, 
acknowledges that “I have a bit of a conflict 
because we’re trying to encourage our insti- 
tutions to provide the type of teacher prepa- 
ration that the country so desperately needs. 
And I feel that those efforts will definitely 
raise the quality of the teacher workforce.” 

But she’s not letting that conflict cloud 
her professional judgment. “I think that it’s 
quite a thoughtful paper,” Presley says about 
Ingersoll’s work, “and I actually agree with 
most of it.” 

—JEFFREY MERVIS 
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Going Back to the Future 


To Understand Climate Change 


Paleontology is often seen as a time machine 
that allows scientists to reconstruct events 
that happened millions and millions of years 
ago. But several speakers at the meeting 
turned that notion on its head: They used 
paleontological data to predict the future, 
drawing on species’ behavior during past 
episodes of climate change to predict how 
they will fare—and how to help them—as 
greenhouse gases warm the planet. 

Many researchers have expected species 
ranges to shift toward the poles or up moun- 
tain slopes as the world warms. But indepen- 
dent paleontological data on several different 
animals suggest more complicated scenar- 
ios, says paleoecologist Anthony Barnosky 
of the University of California, Berkeley. 
“Some ecological niche models, commonly 
used in predicting future response, can be 
refined to give better predictions when fossil 
data are incorporated,” he says. 

In a study in the Great Basin, paleoecolo- 
gist Rebecca Terry and colleagues at Stan- 
ford University in Palo Alto, California, 
studied 24 species of rodents by collecting 
owl pellets in two caves in Nevada and Utah. 
Owls regurgitate the remains of the critters 
they eat, and the caves preserved evidence 
of owl meals over 8000 years. They com- 
pared the abundance of species with climate 
data from lake cores and other sources. They 
were able to track how owl-prey populations 


fluctuated as climate changed and to spot 
trends in the way species responded, such as 
whether southern species moved north into 
the cave regions as climate warmed. “We 
focus on small mammals because they’re 
known as bellwethers of climate change,” 
Terry explains. 

Researchers had expected that when cli- 
mate became hotter and drier, all the south- 
ern species of rodents—presumably already 
accustomed to arid conditions—would fare 
better than northern ones, perhaps even 
expanding their range. But that’s not what 
Terry found. Instead, what mattered most 
was what the rodents ate: Those that dined 
on plants, such as chisel-toothed kangaroo 
rats, suffered most when the climate dried. 
But seed-eating rodents, such as pocket 
mice, fared well because they could rely on 
seeds as a source of water in dry times. 

As the Great Basin becomes warmer 
and drier over the next 50 years, Terry and 
her colleagues predict that southern species 
of seed eaters will fare better than herbiv- 
orous rodents from the north or the south. 
The work “is important in giving us some 
nice predictions on what kinds of species 
are apt to move where in response to climate 
change, and why,” says Barnosky. 

It’s not just mammals that have exhib- 
ited complex responses to climate change. 
Michelle Lawing and David Polly of Indi- 


| PITTSBURGH, PENNSYLVANIA 


Rattled snake. This tiger rattlesnake’s habitat in 
Arizona may shrivel as Earth warms. 


ana University, Bloomington, studied 11 
species of rattlesnakes, which are good 
indicators of climate change because they 
depend on ambient conditions to regulate 
their body temperatures. Lawing and Polly 
used a paleontological database to create 
a track record of how the snakes’ ranges 
expanded and contracted during the past 
320,000 years, a time of dramatic climate 
change when glaciers waxed and waned. 
Overall, the snakes shifted their range by 
an average of only 2.3 meters per year in 
that time period. 

Then the researchers applied the current 
climate model predictions, which range from 
a warming of 1.1°C to 6.4°C by 2100. They 
found that the warming was both so large and 
so fast that rattlesnakes would be displaced 
between 430 and 2420 meters a year, sug- 
gesting that the snakes won’t be able to move 
fast enough to stay in a suitable habitat. “No 
one comes out ahead; they all do poorly,” says 
Lawing. As with rodents, southern species 
don’t fare much better than northern ones. For 
example, the timber or canebreak rattlesnake 
has a particularly large range on the East 
Coast today, from Florida to the Canadian 
border. But it would be hit hardest because its 
environment will become both warmer and 
wetter, says Lawing. “I would predict this is 
going to happen with a number of species,” 
she says. “It’s not just the rattlesnake; it’s the 
habitat it lives in and all the other species 
associated with it.” 

If many species are at risk, is there a 
way to target conservation efforts? Here 
again, data from the past may offer insight, 
say Elizabeth Hadly and Malin Pinsky of 
Stanford University. They study northern 
fur seals, whose populations were deci- 
mated not by climate but by overhunting 
off the west coast. In a genetic study, they 
expected to find that the surviving seals had 
low diversity and were at risk of extinction. 
But instead they found that seals had man- 
aged to retain genetic diversity by retreat- 
ing to their historic breeding grounds in the 
Bering Strait, where the remnant popula- 
tions mix their genes thoroughly. Given 
their resilience, says Hadly, these seals 
would be ideal candidates for assisted 
migration to new habitats if they become 
endangered. Says Terry: “This type of pre- 
dictive framework lets us prioritize our 
conservation efforts.” -A. G. 
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Digging dinosaur. Researchers “t 
have long puzzled over how the Cae 
large, fleet-footed, meat-eating 
dinosaurs called abelisaurids used 
their stubby arms, which were 

even shorter than those of tyran- 
nosaurids. Now paleontologist Paul 
Sereno of the University of Chicago 
may have unearthed an important 
clue with the skeleton of a more 
primitive, smaller abelisaurid 
relative—a 110-million-year- 

old noasaurid theropod in Niger 
(right). The wolverine-sized African 
dinosaur used its short but fully 
functional arms, with their flat 
claws, to dig prey out of burrows 


had to burrow for food. 


PASCALE GOLINVAUX, IRSNB-KBIN; FLORENCE QUESNEL, BRGM (INSET) 


When Rodetits 


Marched ak 
Into Paris 


_ Walk around Paris and you will see plaques 
honoring the many famous people who were 
born there, from Monet to Voltaire. But it’s a 
safe bet that Parisians won’t commemorate 
the home of some of their city’s first settlers: 
chipmunk-sized mammals that are among 
the world’s oldest rodents, and the oldest in 
Europe. It was a Belgian member of a French- 
Belgian team, in fact, who at the meeting 
announced the discovery of fossil teeth of 
the squirrel-like rodents on the grounds of a 
quarry in northern Paris. 

The discovery of two definitive rodent 
teeth, as well as part of a primitive carni- 
vore’s jaw, is an important clue to the mystery 
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the way wolverines do today, Sereno said in his talk. As later abelisaurids 
grew larger and even more adept at chasing prey, they may have retained 
this primitive forelimb but lost the ability to dig because they no longer 


bs 


Flooding the Rift. Researchers 
often cite changes in climate 

as the forcing factor behind 

the evolution of new adaptive 
traits and species, including the 
appearance of new hominins 

in Africa. But it’s often hard 

to understand how factors like 
more rainfall altered ancient 
communities. In a talk, Yale University paleoanthropologist Andrew Hill 
linked a boost in rainfall to ecological change at key ancient hominin sites. 
By analyzing the siliceous skeletons of blue-green algae called diatoms, his 
team found that freshwater lakes once filled parts of the Rift Valley of Kenya. 
As rainfall increased in response to cyclical changes in the tilt of Earth’s axis, 
huge lakes formed repeatedly in the past 6 million years, leaving behind 
diatomites (white band, above) that reveal the lakes’ size and composition. 
Graduate student Emily Goble’s modeling of the elevation of the lakes shows 
that five large lakes filled Kenya’s Baringo Basin between 2.7 million and 
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2.5 million years ago, unsettling animal communities just before our genus, 


Headed for Paris. Fossils (inset) of 
early rodents turned up in Paris. 


of how the first modern mammals 
spread around the globe, replac- 
ing archaic animals and ushering in 
the age of modern mammals, says 
Thierry Smith of the Royal Belgian 
Institute of Natural Sciences in 
Brussels. His team’s finds show that the first 
modern rodents appeared in Europe at about 
the same time as in North America, some 
57 million years ago. “It has long been 
assumed that these animals did not reach 
Europe until well after their first appearance 
in North America,” says paleontologist Ken- 
neth Rose of Johns Hopkins University in 
Baltimore, Maryland, who wasn’t part of the 
study. “The new evidence suggests there was 
no substantial time lag between their arrival.” 
Researchers have long looked for the earli- 
est rodents in Europe, because rodents are 
the leading edge of a wave of modern mam- 
mals that colonized the world starting about 
57 million years ago. Most modern orders, 
such as hoofed animals and primates, don’t 
appear until almost 56 million years ago, 
when the climate warmed markedly. 
Researchers think the first rodents arose 
in Asia, because several different kinds of 
rodentlike mammals lived there for millions 
of years before modern rodents replaced 
them. But the first true rodents were found in 
America, in 57-million-year-old fossil beds 
in Wyoming, so researchers thought rodents 
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Homo, arrived there. Hill and his colleagues think the climatic shifts had a 
“kaleidoscopic” effect, breaking up communities of animals that then reas- 
sembled in new patterns after the lakes shrank. If so, early Homo was part of 
a wave that recolonized the lakebed. 


-A.G. 


had dispersed rapidly from Asia to the Amer- 
icas over the Bering Strait land bridge. As for 
Europe, most thought rodents arrived later 
but were unsure because few fossil sites date 
back to the right time period. 

That is why Smith was so delighted to 
find two rodent teeth, plus a bit of jaw from 
a marten-like miacid carnivore, another 
early member of a modern order. “There is 
absolutely no doubt” that one tiny curved 
incisor belonged to a modern rodent, he says, 
because it shows a pattern of continuous 
growth seen in all rodents today. Like a squit- 
rel, the early rodent used its incisor to detach 
seeds from plants. 

The Parisian fossils suggest that from 
the start, rodents and other early mammals 
“went right and left, east and west,” per- 
haps moving in two directions across a land 
bridge connecting Europe to Greenland and 
America, says Smith. At that time, “Green- 
land was green,” with enough plants and trees 
to provide food and cover for this first wave 
of migrating rodents and small carnivores, 
says Smith. All this traffic happened before 
the dramatic warming event 56 million years 
ago. However, unpublished studies of carbon 
and oxygen isotopes in fossil teeth hint at an 
even earlier pulse of warming, about when 
rodents reached America, says vertebrate 
paleontologist Ross Secord of the University 
of Nebraska, Lincoln. Kicking up the tem- 
perature a notch might have been enough to 
allow intercontinental travel for a rat pack of 
small mammals. -ANN GIBBONS 
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edited by Jennifer Sills 


Mass Fruiting in Borneo: A Missed Opportunity 


LARGE-SCALE RESTORATION OF 
tropical forest is increasingly 
recognized as a credible option 
for climate change mitigation 
and biodiversity conserva- 
tion (/—3). To implement this 
strategy, we must collect and 
nurture vast numbers of tree 
seeds. Yet, in conservation pri- 
ority areas such as Indonesia— 
discussed by D. Normile in his 
News Focus story “Saving for- 
ests to save biodiversity” (10 
September, p. 1278)—many 
tree species (such as the dip- 
terocarps) rarely produce seeds 
(4). In 2010, we witnessed the 
first large mass fruiting event 
in Borneo since 1998, both in 
geographic extent and species 
involved. Unfortunately, forestry departments, funding agencies, and most research institutes 
were unprepared for this rare opportunity. These seeds cannot be stored, even in state-of-the- 
art seed banks (5). To contribute to the restoration efforts, they must be collected and planted 
immediately. We have much of the scientific and botanical knowledge required to achieve suc- 
cessful restoration [discussed in E. Pennisi’s News Focus story “Tending the global garden” 
(10 September, p. 1274) and in (6)], but we lack the financial and infrastructural resources for 
seed collection, propagation, and restoration. 

Substantial financial support must be dedicated to enable Southeast Asian countries to 
respond quickly to these critical but rare opportunities for conservation and restoration. We 
must prepare now to provide funding, planning, and infrastructure for the next major fruiting 
event. This may be the last opportunity to collect sufficient seeds from many endangered tree 
species for conservation and forest restoration. 
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Dipterocarp tree seedlings. Many endangered Indonesian trees rarely 
produce seeds. 
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Asian Water Towers: 


More on Monsoons 


W. W. IMMERZEEL ET AL. (“CLIMATE CHANGE 
will affect the Asian water towers,” Reports, 
11 June, p. 1382) overlooked two features 
of monsoon influence on the future of Asian 
water resources: Regional climate models 
disagree on whether monsoon precipitation 
will increase or decrease in the 21st century, 
and the resulting changes in precipitation sea- 
sonality will affect snowmelt characteristics. 

Using data from five global general circu- 
lation models (GCMs), Immerzeel et al. con- 
clude that a rise in precipitation will partly or 
entirely offset the reduction in glacial melt- 
water. Monsoon precipitation, however, is 
known to be difficult to capture in GCMs (J). 

Because of their higher horizontal resolu- 
tion, regional climate models can better rep- 
resent the important effects on precipitation 
of moist air climbing over the mountains in 
the Himalaya region. Experiments in which 
the regional climate models based on the 
IPCC Special Report on Emissions Scenar- 
ios are used disagree on whether monsoon 
precipitation will rise or fall (2, 3). The reli- 
ability of an impact study built on the sole 
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assumption of rising monsoon precipitation 
thus seems questionable. 

Immerzeel et al. argue that their basin- 
scale approach justifies the assumption of a 
constant linear relationship between positive 
daily mean temperatures and melt, because 
characteristics of different glaciers would 
equal out. However, this does not apply if 
important features of the melt process change 
over time. It has been shown that changes in 
precipitation seasonality, such as a late begin- 
ning of the monsoon season, strongly affect 
the surface albedo and thus snow and ice melt 
on Himalaya glaciers (4). 

Lower surface albedos caused by a lack in 
summer snowfall would lead to higher melt 
rates for the same temperature scenarios. 
Immerzeel et al.’s use of a constant degree- 
day factor for the calculation of future glacier 
extent thus risks a severe underestimation of 
glacier retreat. 

FELIX PITHAN 
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Response 

PITHAN RAISES TWO VALID CONCERNS. WE 
agree that future precipitation is highly 
uncertain and that general circulation mod- 
els (GCMs) have difficulty in capturing mon- 
soon precipitation (/, 2), and we stress that 
in our Report. For all five of the river basins 
we analyzed, the multimodel average (MMA) 
of future precipitation shows limited changes 
both in total quantity and temporal shifts. The 
Yellow river basin is an exception, and the 
MMA shows a positive offset in total win- 
ter precipitation. However, there is consider- 
able variation between the different GCMs. 
Therefore, we do not conclude that a reduc- 
tion in melt water is offset by an increase in 
precipitation, but by an increase in rainfall. 
Given the projected increase in temperature, 
which is less uncertain than precipitation 
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projections, more precipitation will fall in the 
form of rain. Because the melt season coin- 
cides with the rain season in most regions, 
this compensates the reduced melt. 

Pithan disagrees with our use ofa constant 
degree-day factor. His argument pertains to 
the spatial variation in melt rates within a 
basin. We agree in principle that this would be 
an important factor to consider in projections, 
and we did not consider it explicitly, due to 
lack of information about local albedo trends. 
However, we did implicitly account for uncer- 
tainty about the degree-day factor by using 
an uncertainty analysis around snow and ice 
degree-day factors (described in the support- 
ing online material of our Report). The case 
for which melt rates would be higher because 
of lower albedo would be in the higher regions 
of our uncertainty envelopes. Moreover, we 
point out that our extreme case (without any 
glaciers) results in similar conclusions as our 
best-guess case. 

WALTER W. IMMERZEEL?2* 
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erlands. Department of Physical Geography, Utrecht Uni- 
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The Best Test of 


Ph.D. Student Success 


IN THEIR EDUCATION FORUM “PERFORMANCE- 
based data in the study of STEM Ph.D. edu- 
cation” (16 July, p. 282), D. F Feldon, M. A. 
Maher, and B. E. Timmerman suggest that 
graduate education could be improved by 
the implementation of performance-based 
assessments. They do not acknowledge that a 
performance-based system already exists in 
graduate work: quality (not quantity) of pub- 
lications. Feldon, Maher, and Timmerman 
downplay publication as an indicator of stu- 
dent performance because of the involve- 
ment of mentors and peers, but input from 
multiple parties is a necessary and pro- 
ductive aspect of collaborative research. 
Collaboration benefits individual success 
and leads to innovation. Failing to recog- 
nize published work as a predictor of effec- 
tiveness as a researcher trivializes employ- 
ers’ ability to distinguish poor research from 
quality research, and by extension, the grad- 
uate student’s ability to conduct research and 
collaborate effectively. 


www.sciencemag.org SCIENCE VOL330 29 OCTOBER 2010 


Published by AAAS 


The most accurate 
human genome at 
any coverage. 


AATTC, 
ph G 
41 
o* 
al 
“a 
al 


‘tsTrv. 


www.illumina.com/TruSeq 


Ate 
S 

4g, 

§ 
ATACCY %, 
Se 4 7. 
A a 
a 


4 
~ 


Ss 
Xs 
& 
‘= 
me S 
*. & 
os 


0 
fx 
0 
> 


> 
q 


illumina’ 


Downloaded from www.sciencemag.org on October 28, 2010 


Adding standardized testing to the gradu- 
ate curriculum neither benefits research nor 
serves as an accurate indicator of an indi- 
vidual’s problem-solving ability. Recently, 
Hazari et al. (/) found that being “learn- 
ing-oriented” rather than “performance- 
oriented” predicted success at the graduate 
level. This research implies that—if assess- 
ments were added to the curriculum (a move 
I discourage)—assessments of student inter- 
est in learning would be a better indicator 
of program effectiveness than the perfor- 
mance-based assessments advocated by 
Feldon, Maher, and Timmerman. 

GUNNAR NEWQUIST 
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Response 
NEWQUIST SUGGESTS THAT STUDENTS’ PUB- 
lications are important predictors of post- 
degree research effectiveness, due in part to 
the importance of collaboration in innovative 
research. We agree that publication record is 
important and helpful, but the collaborative 
aspects of writing render publications a noisy 
metric by which to assess individual growth 
on specific skills (/). The variable time lags 
between the execution of an experiment, 
analysis of its data, and publication of find- 
ings [e.g., (2)] further limit the ability to iden- 
tify direct relationships between experiences 
in a doctoral program and scholarly growth. 
Doctoral education’s overarching goal is to 
develop competent researchers capable of per- 
forming independent research (3—6). To deter- 
mine how effectively doctoral programs—and 
specific features of those programs—prepare 
individual students for independent scholar- 
ship, we suggest the implementation of mea- 
sures reflecting individual growth in requisite 
skill sets identified by a discipline [e.g., (7)]. 
Newquist also infers that we advocate 
some form of standardized testing. This is 
not the case. The mechanism we do suggest, 
the rubric, represents a performance-based 
assessment that faculty at the program or 
department level can tailor to evaluate local- 
ized, authentic student research products (8, 
9). Rubrics may also be useful in conceptu- 
alizing and operationally defining necessary 
competencies that represent the consensus of 
a larger field or discipline at the local level. 
Far from constraining research creativity or 
inhibiting problem-solving in graduate stu- 
dents, an effective rubric makes transpar- 
ent a faculty’s expectations of excellence in 
research. This can help students to align the 
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products of their innovative work with the 
quality indicators valued by faculty and the 
larger field to which they wish to contribute. 
Newquist then cites findings from a 
recent study (/0) that identifies a correla- 
tion between doctoral students’ goal orienta- 
tions (“learning-oriented” or “performance- 
oriented’’) and their subsequent professional 
productivity as measured by grants and pub- 
lications. The definition of “performance- 
orientation” in this study refers to their indi- 
cation on a survey that their sole motivation 
for attending graduate school was either 
having “received good grades in science” 
previously or being “awarded [a] scholar- 
ship or fellowship.” In contrast, those classi- 
fied as having a “learning-orientation” indi- 
cated a sole motivation of “enjoyed thinking 
about science.” These results do not conflict 
with our position. Certainly, someone who 
is driven by an inherent interest in scientific 
inquiry will be more motivated to acquire 
necessary skills at the Ph.D. level and find 
productive research opportunities. We 
merely suggest that assessing those skills in 
a manner able to meaningfully inform the 
improvement of doctoral education requires 
measures that are well defined through fac- 
ulty consensus, suitable for identifying lon- 
gitudinal growth, and precisely targeted to 
measure students as individual learners. 
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SOOK 


QUANTUM PHYSICS 


busy applying it to all kinds of phenomena.” 
But this all changed dramatically in 1964, 
when Irish physicist John Bell “showed that 


Exploiting Entanglement 


Jeremy L. O’Brien 


ver since the inception of the theory 
| Ek quantum mechanics at the start 

of the previous century, debate has 
raged about how to interpret what the theory 
tells us about the fundamental workings of 
nature. For example, what is the origin for the 
seemingly impossible correlations between 
two entangled particles? What happens to a 
quantum particle in a superposition of two 
locations during a measurement of that loca- 
tion? The debates have often impinged on 
philosophy and religion. Einstein famously 
objected to the inherent randomness of the 
theory, remarking that “God does not play 
dice.” He nevertheless made great contribu- 
tions to our understanding of quantum phys- 
ics (perhaps most nota- 
bly through his question- 
ing of the completeness 
of quantum mechanics), 
contributions that high- 
lighted the strangeness 
of entanglement. Despite 
such intense questioning 
of the interpretation of 
quantum mechanics, its 
utility is beyond doubt: 
its predictive power is 
unmatched by any other 
scientific theory. 

Anton Zeilinger’s 
Dance of the Photons 
begins in a tunnel under- 
neath the Danube. There, 
scientists are harnessing 
the strange quantum properties of superpo- 
sition and entanglement for something use- 
ful—secure communication via the transmis- 
sion of single particles of light (photons) in 
optical fibers running through the tunnel. The 
security comes from the fact that encoding 
information in a quantum system enables two 
legitimate parties, typically designated Alice 
and Bob, to detect the presence of an eaves- 
dropper because any information the latter 
gains necessarily results in a detectable dis- 
turbance of the quantum system. And so we 
begin an exploration of this fascinating scien- 
tific field that lays the foundations for technol- 
ogies designed specifically to employ quan- 
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tum effects to gain new 
functionality and power 
in information process- 
ing, communication, and 
measurement. 


Dance of the Photons 
From Einstein to Quantum 
Teleportation 


by Anton Zeilinger 


Farrar, Straus, and Giroux, 
New York, 2010. 313 pp. $26. 
ISBN 9780374239664. 


it is not possible to understand the 
phenomenon of entangled sys- 
tems if one starts from rather ‘rea- 
sonable’ assumptions of how the 
world should work, assumptions 
that one might even be tempted to 
call self-evident.” Zeilinger asserts 
that Aristotle could have derived 


Early in the book, 
Zeilinger (a physicist 
at the University of Vienna) introduces his 
Alice and Bob—two undergraduate physics 
students. Wanting to know more about quan- 
tum mechanics than Physics 1.01 has taught 
them, they approach Professor Quantinger 
(the author’s fictionalized alter ego). Rather 
than recommending a few books, he gets 
them involved in an experiment set up by one 
of his graduate students. Working in separate 
labs connected by opti- 
cal fibers to a source of 
(what they later learn 
are) pairs of entangled 
photons, they observe 
firsthand the bizarre 
“nonclassical” corre- 
lations. This narrative 
style gets the reader 
involved and excited 
to learn more. As Alice 
and Bob experience the 
strangeness of quantum 
physics firsthand, the 
reader feels like they are 
there with them as they 
work in the lab, attend 
lectures, and have infor- 
mal conversations with 
the professor and his graduate student. Inter- 
leaved with this narrative are sections in Zeil- 
inger’s own voice, which work extremely well 
to complete the story. 

Alice and Bob discover that when they 
each measure the polarization (the hori- 
zontal, vertical, etc. direction of the electric 
field) of their photon from an entangled pair, 
the correlations they see cannot be explained 
by any “classical” physics theory. More pre- 
cisely, these correlations violate local real- 
ism. [This was what was bothering Einstein 
in the 1935 “EPR” paper, “Can quantum- 
mechanical description of physical reality be 
considered complete?” (/)] Zeilinger com- 
ments, “Some of the predictions of quantum 
physics question central cherished aspects 
of our view of the world.” But “people were 
happy that quantum mechanics gave such an 
exact description of nature, and they were 


“Bell’s inequality” had he known 
that it was an interesting problem. 

As Zeilinger notes, when French physi- 
cist Alain Aspect thought about testing these 
ideas, Bell’s first question was “Do you have 
a permanent position?” Only after Aspect’s 
affirmative answer did Bell encourage him 
to carry out the experiment. Confirmation 
of Bell’s ideas by Aspect, Philippe Grang- 
ier, and others forces us to abandon at least 
one of these cherished views. Whereas most 
physicists hold that quantum mechanics is 
nonlocal (the “spooky” property that Ein- 
stein objected to), Zeilinger argues that it 
is just as logical to “give up the picture of a 
world that exists in all its properties indepen- 
dent of us.” Either way, nature is far stranger 
than we typically assume. Remarkably, John 
Clauser, who teamed with Stuart Freedman to 
carry out the earliest tests of Bell’s inequal- 
ity, expected that the inequality would not be 
violated. He didn’t consider it at all possible 
“that the world could be so crazy that local 
realism could be wrong.” 

In recent years, some researchers have put 
aside philosophical concerns to explore the 
possibilities of technologies that take advan- 
tage of quantum features such as entangle- 
ment. Perhaps one of the most surprising and 
powerful of such applications is quantum 
teleportation. By making a joint entangling 
measurement of a photon in an unknown state 
and one of two photons in an entangled state, 
it is possible to teleport the unknown state to 
the third photon in the entangled state. Zeil- 
inger and co-workers carried out the original 
experiment in 1997, and they have continued 
to push the distance over which such experi- 
ments are performed. 

Zeilinger concludes by highlighting the 
path to quantum technologies: the fundamen- 
tal curiosity of Einstein and others, the coin- 
cidence of the discovery of Bell’s inequality 
with the invention of the laser, and finally, 
beginning in the 1990s and still unfolding, the 
ideas about new ways to transmit and process 
information. In a broad perspective, he notes, 
“all teleportation experiments are part of a 
research program to realize quantum comput- 
ers.” Of the various approaches to developing 
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such a device (2), using photons as quantum 
bits (or qubits) is particularly promising (3): 
“TI]n principle, it should be possible to build 
future quantum computers that are based on 
photons, that is, quantum light only,” and 
there are great prospects for doing this in a 
silicon chip (4-6). 

Those seeking an accessible popular 
account of this fascinating field will find 
their search over. No one has thought longer 
or harder about the fundamental science and 
practical applications of superposition and 
entanglement than Zeilinger. It is clear that 
he has also thought long and hard about how 
to give lucid and entertaining expositions of 
these challenging concepts. Readers should 


BOOKS &TAL. 


not be fooled by the simple cartoon diagrams. 
They reflect the beauty of Dance of the Pho- 
tons: Taking some of the most complex ideas 
from cutting-edge science, Zeilinger provides 
simple and clear explanations that in no way 
compromise the fundamental concepts. 
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NEUROPHILOSOPHY 


Unbounding the Mind 
Erik Myin 


ere is the mind? “In the head” or 
“in the brain,” most people might 
respond. The philosopher Gilbert 
Ryle gave a different answer: 


The statement “the mind is in its own 
place,” as theorists might construe it, is not 
true, for the mind is not even a metaphori- 
cal “place.” On the contrary, the chess- 
board, the platform, the scholar’s desk, the 
judge’s bench, the lorry, the driver’s seat, 
the studio and the football field are among 
its places. (/) 


Recently, this idea of the mind not being 
confined to the head has been reinvigorated 
by philosophers and cognitive scientists, 
who see the mind as “spread- 
ing out” or “extending” into 


or remembering can be strongly dependent 
on interactions between subjects and their 
environments. 

The possible far-reaching implications of 
a situated view of cognition were brought into 
sharp focus by Andy Clark and David Chalm- 
ers in their 1998 paper “The extended mind” 
(3). There they defend the idea that the mind 
“extends” into the environment in cases in 
which a human organism and the environ- 
ment become cognitively coupled systems. 
Their by now iconic illustration of cognitive 
coupling involves “Otto,” a “slightly amne- 
sic” person, who uses a notebook to write 
down important facts that he is otherwise 
likely to forget. Unlike a person who remem- 
bers the address of the Museum of Mod- 
ern Art by relying on natu- 
ral memory, Otto recalls it by 


the world. “How do youknow [UUM CGINCITTT accessing his notebook. If one 
the way to San José?” phi- [Water ETA ti supposes that the notebook is 
losopher John Haugeland has [§Miiaiessu@enoatleleaVE constantly available to Otto 
famously asked (2). Chances U[URRE DFR eRe lap and that what is written in it is 


are you don’t have some (ISSNRIEU YES endorsed by Otto, it becomes 


inner analog of a printed 
map. Rather, you know where 
you should enter the highway, and then you 
get there by following the road signs. Your 
knowledge seems to be partially “imple- 
mented” in the environment. There is now 
a blooming field of research into “situation 
cognition,” which explores how cognitive or 
mental phenomena such as problem solving 
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plausible—so Clark and Chal- 
mers argue—that Otto’s mem- 
ory extends to include the notebook. After all, 
they notice, Otto’s notes seem to play exactly 
the same role as memory traces in other peo- 
ple. Wouldn’t it be chauvinistic to restrict the 
mind’s extent to what’s natural and inner? 
Clark and Chalmers’s paper has triggered 
a vigorous and continuing debate. Nonbeliev- 
ers concede that numerous tight causal cou- 
plings between minds and environments exist, 
but they deny that it therefore makes sense to 
speak of an extended mind instead of a mind 
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in a person that closely interacts with an envi- 
ronment. All things considered, they argue, 
thoughts remain in persons—never in objects 
like notebooks, however closely dependent a 
person could become on them. 

Enthusiasts for the extended mind thesis 
insist that a close causal coupling between 
persons and environments can license the 
conclusion that the mind spreads into the 
environment. Some follow the argument in 
Clark and Chalmers that infers extendedness 
from the fact that external elements can play 
arole that would be considered as cognitive if 
played by something internal to a person. 

Other supporters of the idea are suspi- 
cious of this argument from parity. They note 
that the most interesting cases of causal cou- 
pling are those in which the environment does 
not simply function as some ersatz internal 
milieu—when the involvement of external 
means makes possible forms of cognition that 
were not possible without them. For example, 
when pen and paper, symbolic systems, or 
computers make possible calculations, com- 
putations, and, ultimately, scientific theories. 


Those taking this position hold that it is when 
the environment becomes a necessary factor 
in enabling novel cognitive processes that the 
mind extends. 

In The Extended Mind, philosopher Rich- 
ard Menary (University of Wollongong) 
brings together the Clark and Chalmers paper 
and several responses to it. The collection, 
lucidly introduced by Menary, will neither 
definitively prove nor deal the deathblow to 
the idea that “the place of the mind” is the 
world—nor even establish that there really is 
such a question about “the place of the mind” 
that needs to be answered. Rather, the vol- 
ume provides carefully drawn arguments for 
and against different interpretations of the 
extended mind thesis, often with extensive 
reference to empirical material. Several of the 
papers in the collection are excellent. 

To take one fascinating idea, consider 
Susan Hurley on “variable neural corre- 
lates.” We are comfortable with the correla- 
tion between types of experience and types of 
brain states, and undoubtedly such variation 
is one important source for the idea that the 


mind is in the head. Hurley notes, however, 
that there is also a dependence of experience 
on type of interaction with the environment, 
one not aligned to strictly neural properties. 
For example, when blind people haptically 
read Braille text, activity in the visual cortex 
seems to correlate with tactile experience. In 
people who are not blind, tactile experience 
correlates with activity in the tactile cortex. 
What explains the common enabling of tac- 
tile experience by the different kinds of cor- 
tex seems to be tactile causal coupling with 
the environment, rather than strictly neural 
type. According to Hurley, and others, the 
same kind of correlation-tracking reasoning 
that convinces us, in standard cases, that the 
mind is in the brain should here lead to the 
conclusion that the mind is not in the head. 
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EXHIBITION 


Six-Legged Fun 


on Earth, have a profound impact on our 

lives. We recognize the value of many— 
bees, for example, pollinate flowers and crops 
and provide us with food. Many other insects, 
however, are considered (deservedly or not) 
pests to be repelled or destroyed. To dispel 
myths, Lisbon’s National Museum of Natural 
History invites visitors to explore the diver- 
sity and characteristics of Portuguese insects. 
One of the celebrations of the International 
Year of Biodiversity, the exhibition “Insects 
in Order” sets an irresistible challenge for 
children and adults alike: 
to become an entomolo- 
gist for an hour by identi- 
fying insects according to 
their taxonomic order. 

At the entrance, visi- 
tors are given an insect 
preserved ina resin block. 
The specimen may be 
any one of more than 100 
species (from 16 orders). 
Insects, which represent 
more than half the known 
species of extant orga- 
nisms, are hexapod (six- 
legged) arthropods. The 


| nsects, the most diverse class of organisms 


Neuropteran from Portugal. The strik- 
ing thread-winged lacewing (Nem- 
optera bipennis). 


Insectos em Ordem [Insects in Order] 


Patricia Garcia Pereira and 
Eva Monteiro, Curators 


class is divided into about 
30 different orders. For 
example, beetles, the most 
diverse group ofinsects, are 
classified as Coleoptera. 
They have two pairs of 
wings. Their forewings are 
hardened and used not for 
flight but forabdominal protection—hence the 
order’s name, which means sheathed wing. In 
contrast, adults of the order Neuroptera 
(which includes lacewings, mantidflies, 
owlflies, and antlions) have two pairs of 
membranous wings with 
a fine network of veins. 
To begin to classify 
their specimen, visi- 
tors must first carefully 
examine it and determine 
whether it has “delicate 
and membranous fore- 
wings with clearly visible 
veins” or “strong and hard 
forewings with no visible 
veins.” Their choice leads 
them to enter the main 
exhibition room through 
one of two doors. The 
layout of that large room, 
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organized as a laby- 
rinth, sets the task 
ahead. Visitors pro- 
ceed along a series 
of benches (each 
with an embedded 
magnifying glass), 
where they are chal- 
lenged to closely 
look at some aspect 
of the specimen and 
pick one of a pair 
of answers to particular questions: Does the 
insect have a pair of wings or two? Are there 
pincers at the end of the abdomen or not? Etc. 
Each answer guides one to the next bench, via 
a trail marked on the floor. The choices are not 
always clear-cut, but with persistence, some 
practice, and occasionally trial and error, visi- 
tors should be able to correctly classify their 
insect and arrive at an illustrated panel that 
offers a description of its order. 

Without becoming overtly explicit, the 
exhibition leads visitors through the dichot- 
omous key method traditionally used by sci- 
entists to identify organisms. The experience 
transmits the enjoyment and excitement of 
discovery in science. And it is fun to iden- 
tify insects. I, for one, could not stop after 
one specimen and repeated the process again 
another four times. What are you waiting for? 

—Maria Cruz 
10.1126/science.1199047 
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RESEARCH FUNDING 


Sustaining the Data 
and Bioresource Commons 
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evelopment of powerful, 

high-throughput technolo- 

gies, together with globaliza- 
tion of scientific research, presents 
the biomedical research community 
with unprecedented challenges for the 
management, archiving, and distribu- 
tion of data and bioresources (/). We 
need a social contract between funding 
agencies and the scientific community 
to accommodate “bottom-up” integra- 
tion and “top-down” financing of data- 
bases and biorepositories on an inter- 
national scale. 

The biological commons is evolv- 

ing away from a traditional differen- 
tiated structure to one in which origi- 
nation, ownership, and distribution of 
data and materials are subsumed by 
the same community (2). Scientific 
progress depends on efficient and open 
sharing to generate maximum value (3— 
5). The traditional paradigm of sharing 
scientific data and results through the 
published literature is no longer effective 
where new technologies produce large vol- 
umes of diverse types of data and biological 
materials. Critical to the maintenance, distri- 
bution, and archiving of these data and mate- 
rials, therefore, are stable public databases 
and repositories. Provision of public funding 
for these long-term repositories does not fall 
into the traditional model of science fund- 
ing, yet financial support is vital if we are to 
maximally exploit the investment into exper- 
imental science. Although funding agencies 
may exhort their experimental investigators 
to develop a “dissemination plan” for the 
data and bioresources they develop, in real- 
ity, such requirements are often not fulfilled, 
and noncompliance has little or no conse- 


quence. This often means that funders are 
effectively washing their hands of respon- 
sibility for future accessibility and reuse of 
the data and bioresources whose generation 
they have financed. Instead, funding for data 
and bioresource repositories needs to be ring- 
fenced from hypothesis-driven research and 
supported sufficiently to ensure preservation 
and maintenance of its outputs. 

The contents of the new generation of 
data and bioresources are continuously being 
enhanced and augmented by the community 
of user-producers. There is not a sequential 
phase of research, followed by storage and 
use. Databases need continually to revise their 
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Globalization of biomedical research requires 
sustained investment for databases and 
biorepositories. 


data models to accommodate new data 
types. The associated bioontologies and 
other informatics tools need to continue 
to be developed, maintained, and applied 
to data to standardize and maximize 
access, retrieval, and exploitation for dis- 
covery. Repositories also need to inno- 
vate and respond to emerging disruptive 
technologies. Consequently, any distinc- 
tion between time-delimited research 
projects and long-term, relatively static 
infrastructures is being eroded. The tra- 
ditional distinction between “infrastruc- 
ture” and “research” is even less appro- 
priate, presenting a challenge to those 
funders who continue to think in these 
terms. The additional value created by 
manual data curation and integration in 
databases like Mouse Genome Informat- 
ics (MGI) or the Arabidopsis Informa- 
tion Resource (TAIR) is enormous, yet 
this activity does not fall into the recog- 
nized domain of “research activity” for 
many agencies. 
The scale of investment required 
across the life sciences may be estimated 
from current funding of large community 
databases and bioresources. For 2009, MGI’s 
core activity funding was U.S.$6.3 million 
including overhead, and for TAIR was $1.6 
million. Curation activities alone of EMAGE, 
the embryonic mouse in situ gene expression 
database (6) based in the United Kingdom, 
currently cost roughly $0.7 million per year. 
The range represented here reflects the scope, 
as well as amount and complexity, of data. 
The amount of investment in databases 
worldwide is a disproportionately small frac- 
tion of overall research budgets. For example, 
as little as a 55% allocation of the U.S. National 
Institutes of Health spending of $20.9 billion 
that constituted research grant awards in 2009 
(7) would provide $1 billion toward biologi- 
cal data resources and huge added value for 
the community. Although some large pub- 
lic databases have survived rounds of com- 
petitive renewal, others have failed, often as a 
result of funding policy decisions rather than 
poor projects. Among high-profile databases, 
the one with the most recent funding crisis 
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is the Arabidopsis TAIR database (&), with 
other important databases, such as Eurex- 
press or Euregene, currently facing crises at 
the end of their existing funding cycles. Pres- 
sure will continue to grow as new community 
projects come to fruition and new data types 
(such as magnetic resonance images) without 
a dedicated public archive, need to be in the 
public domain. 

Most biological stock centers have 
begun charging for products and services 
to meet their costs, but still require subsidy 
for long-term sustainability. For example, 
the annual operating costs of the European 
Mutant Mouse Archive network, including 
the repository and associated database (9), 
are €5 million (~U.S.$7 million), of which 
€2 million (U.S.$ 2.8 million) are provided 
by the European Commission. U.S. reposito- 
ries receive NIH subsidies; for example, in 
2009 the Knockout Mouse Project (KOMP) 
repository received $3.4 million and the 
Jackson Laboratory Mouse Mutant Resource 
received $1.5 million (7). 

Various models for financial and scientific 
sustainability have been tried and discussed. 
“Recover costs from users” is a frequent 
exhortation from funding agencies. Experi- 
ence shows that the viability of such strate- 
gies for databases is illusory (0). Public 
databases depend on the community’s con- 
tributing freely to the commons, the quid pro 
quo being open and free access. No example 
of a successful fee-for-service model organ- 
ism database exists. 

In a recent online survey conducted by 
TAIR (//), users were strongly against the 
possibility of having to pay for access. Exclu- 
sion of investigators from access to data and 
resources, disadvantaging those most unable 
to pay (especially investigators in develop- 
ing economies), was the primary reason 
cited. Second, data integration, increasingly 
an essential aspect of data sharing, would 
be crippled by the inability to integrate data 
between databases which did and did not 
charge for access. The seamless network of 
data (12) would be fragmented and disabled. 

We have already seen bottom-up initia- 
tives for data standardization and sharing on 
a global scale and acknowledgement of the 
importance of the commons (3—5, /3). The 
challenges for funding agencies are those of 
coordination and strategy: how to adequately 
recognize the transnational nature of data 
and bioresources in funding instruments and 
how to sustainably fund core international 
resources when funding sources are likely to 
remain predominantly national. 

An example of the advantages of interna- 
tional cooperation can be seen in the Interna- 
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tional Knockout Mouse Consortium (IKMC) 
(14), which is generating knockouts of pro- 
tein-coding genes and distributing vectors, 
embryonic stem cells, and knockout mice. 
It involves centers in Europe, the United 
States, and Canada. International coordina- 
tion has promoted efficiency and more rapid 
delivery of resources to investigators and has 
avoided duplication. Another is the Interna- 
tional Nucleotide Sequence Database Collab- 
oration, an action supported by the National 
Center for Biotechnology Information (NIH), 
European Molecular Biology Laboratory, and 
the Japanese National Institute of Genetics. 

Funded nationally, required internation- 
ally, whose responsibility is it to fund future 
access to data and resources produced by proj- 
ects such as the IKMC at the end of project 
funding? This generic problem is recognized 
by the European Council and Commission, 
which established the European Strategy 
Forum on Research Infrastructures (ESFRI) 
program (15, 16), designed to identify stra- 
tegic research road maps needed across the 
sciences and to build international organiza- 
tions to coordinate and receive national fund- 
ing. One of these projects, Infrafrontier (/7), 
has as its goal the large-scale systematic phe- 
notyping and archiving of mouse models to 
support not only the European, but also the 
international, biomedical research commu- 
nity. The success of this innovative program 
depends on the willingness of national agen- 
cies to support novel transnational organiza- 
tions. Negotiations between the partners are 
under way, and Canada has recently joined 
the Infrafrontier project as the first full non- 
European partner. 

We propose that national funding agen- 
cies should initiate infrastructure coordina- 
tion programs, analogous to the European 
ESFRI process, from which support of inter- 
nationally important databases and reposito- 
ries might be sought. These funding oppor- 
tunities should be restricted to data and 
bioresource-sharing infrastructures. The pro- 
grams would implement the shared national 
research priorities of the agencies and would 
reflect strengths or needs in particular fields. 
This model already has fledgling examples. 
For example, in plant biology, the Interna- 
tional Steering Committee on Plant Genom- 
ics (ISCPG) (/8) includes representatives 
from funding agencies in Australia, Brazil, 
Canada, China, Japan, European Union, Con- 
sultative Group on International Agricultural 
Research, United States, and United King- 
dom. The mission statement of the ISCPG 
could be taken as a model for international 
infrastructure coordination activity. 

In this proposal, representatives of the 
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national funding agencies and the scientific 
community would consult on research infra- 
structure priorities and needs in a particular 
area, and agencies whose policy priorities 
match those needs would cooperate on shared 
international funding calls. A stumbling block 
to universal participation in this model is that 
many national agencies are currently legally 
unable to provide funds to researchers in other 
countries. The adoption of a legal framework 
providing an international legal identity, such 
as the recently developed European Research 
Infrastructure Consortium (ERIC) (/9) for 
internationally integrated projects, would 
solve this and could facilitate the mobiliza- 
tion of national funds. 

International harmonization of data shar- 
ing and intellectual property policy could 
be both necessary and highly advantageous. 
Intellectual property right considerations can 
be addressed through negotiation and agree- 
ments between individual national funding 
organizations; these are now common and 
do not present insuperable problems. Inter- 
agency cooperation, for example on mate- 
rial transfer agreements, may accelerate the 
adoption of common policies to the great 
advantage of the scientific community. 
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Innate Lymphoid Cell Relations 


Marc Veldhoen’ and David R. Withers? 


he immune response against invading 
pathogens involves many cell types, 
including rare immune cells whose 

roles are being teased out. These include the 
ambiguously named innate lymphoid cells 
(ILCs), which lack markers of mature lym- 
phoid cells yet bear receptors commonly 
found on lymphoid progenitors. Their stra- 
tegic position in the gastrointestinal tract 
and their capacity to secrete large amounts 
of immune response mediators (cytokines) 
make them a force to be reckoned with. But 
the diverse nature of the many ILC sub- 
types raises questions about their origin. On 
page 665 of this issue, Sawa ef al. explore 
the developmental relationship of ILCs that 
express the transcription factor retinoic acid 
receptor—related orphan receptor yt (RORyt) 
(/) and report that distinct subsets do derive 
from a common precursor cell, but them- 
selves do not give rise to further progenitors. 

Adaptive immune responses initiate in 
highly organized lymphoid tissues where 
there is an increased chance for antigen- 
specific lymphoid cells to encounter antigen. 
These tissues include lymph nodes and gut- 
associated lymphoid tissue such as Peyer’s 
patches, cryptopatches, and hundreds of soli- 
tary isolated lymphoid follicles (2). Lymphoid 
tissue inducer (LTi) cells and stromal organizer 
cells are crucial for the development of these 
lymphoid structures. LTi cells are a subtype of 
ILC. They derive from hematopoietic progen- 
itor cells in the fetal liver, seed the developing 
lymphoid tissue during embryogenesis, and 
initiate the signals that recruit lymphocytes to 
these sites during development. 

Throughout the length of the mamma- 
lian adult intestine, cells resembling embry- 
onic LTi cells (“LTi-like” cells) are found 
mainly in cryptopatches and isolated lym- 
phoid follicles (3). LTi-like cells (that express 
the nuclear receptor RORYt), cryptopatches, 
and lymph nodes can develop in the intes- 
tine in the absence of gut microbes (bacteria), 
whereas isolated lymphoid follicles form 
only after such colonization (2, 4, 5). These 
particular LTi-like cells support the produc- 
tion of antibodies by B cells and thus prevent 
bacteria from attaching to and damaging the 
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Lymphoid cell lineages. Innate lymphoid cells (that express the transcription factor RORyt) in the gastroin- 
testinal tract display very different profiles. Some characteristic markers are shown. Three (perhaps four) dis- 
tinct lineages appear to derive from a common progenitor. All secrete cytokines produced by T helper cells. 


epithelial cell lining of the intestine. A simi- 
lar cluster of ILCs in the gut connective tissue 
also maintains B lymphocytes (6). Because 
these mesenteric ILCs produce large amounts 
of interleukin-5 (IL-5), IL-6, and IL-13 [cyto- 
kines also produced by effector T helper 2 
(T,,2) cells], they resemble some of the ILCs 
found in the intestine (7, 8). However, mes- 
enteric ILCs are distinct from other ILCs 
because they do not rely on the transcription 
factor RORyt for development. Yet the colon 
contains other ILCs that express RORyt and 
secrete cytokines produced by T helper cells 
as well [such as interferon-y (also produced 
by T,,1 cells) and IL-17 and IL-22 (also pro- 
duced by T,,17 cells)] (9). Although these 
cytokine-secreting cells of the intestine are 
collectively called ILCs, their developmental 
relationship to each other has not been clear. 
Within the adult small intestine, both 
LTi-like cells and a type of lymphocyte that 
is phenotypically similar to natural killer 
(NK) immune cells (“NK-like” cells), but 
lack cytotoxic function, express RORyt and 
secrete IL-22 (5, 10, 11). This suggested that 
these NK-like cells might be derived from 


LTi cells in the embryo. To investigate this 
possibility, Sawa et al. used an elegant cell 
fate-mapping approach in mice that can be 
kinetically controlled by the antibiotic doxy- 
cycline. Although the progeny of fetal precur- 
sor cells (that express RORyt) in the embry- 
onic intestine have a uniformly LTi cell 
phenotype, Sawa et al. report that this rap- 
idly changes after birth with the appearance 
of two other phenotypically distinct cell types, 
including the NK-like cells (the other subtype 
is not yet named) (see the figure). However, 
no precursor-progeny relationship among 
LTi-like cells, NK-like cells, or the third cell 
subtype (from either fetal liver or adult bone 
marrow) could be detected. A potential limita- 
tion of the cell fate-mapping approach used is 
that there is a lag time between the expression 
(and thus detection) of a reporter gene used 
to track cells and activation of the mechanism 
that turns on its expression (Cre-LoxP sys- 
tem). This may prevent identification of the 
earliest progenitor cells. However, the result 
was confirmed by other approaches includ- 
ing in vivo cell transfers, in vitro cultures of 
highly purified cells, and the targeted deletion 
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of an LTi-like cell subset in mice. The result 
also agrees with the recent finding that devel- 
opment of mature NK and LTi cells, but not 
NK-like cells, depends on the transcription 
factor TOX (12). 

Sawa et al. further show that RORyt 
expression in three progeny cell subtypes of 
the fetal hematopoietic precursor cell is very 
stable, so it is unlikely to give rise to ILCs that 
do not express this nuclear receptor. Like- 
wise, ILCs that do not express this transcrip- 
tion factor do not seem to give rise to ILCs 
that express RORyt (6). However, a common 
progenitor population for all currently known 
ILCs does seem to exist in the mouse fetal 
liver and adult bone marrow. This population 
is currently defined only as a “classical” lym- 
phoid progenitor cell (lineage expressing the 
cell surface proteins CD45, IL-7Ry, c-Kit, and 
Sca-1) and the transcriptional regulator DNA- 
binding protein inhibitor 2 (ID2). 

It is noteworthy that transcription factors 
such as RORyt, Gata3, and Tbx21, which 
regulate the differentiation of effector T lym- 
phocytes (T,,17, T,,2, and T,,1, respectively), 
are also differentially expressed in ILCs. This 
suggests a division of labor among ILCs as 


seen with the effector T cells, with the poten- 
tial to influence and skew adaptive immunity. 
The differential expression of cytokines by 
ILCs, together with their localization within 
tissues, may hold clues about their functions. 
The idea that different ILC populations (of 
the RORyt lineage) have different functions 
is supported by the finding that only popula- 
tions with an LTi-like cell phenotype express 
the chemokine receptor CCR6, consistent 
with the requirement for LTi cells in the for- 
mation of isolated lymphoid follicles (/, 4). 
This receptor may be instrumental in assem- 
bling LTi and stromal cells upon bacterial- 
induced expression of its ligand, CCL20 (2). 
The NK-like cells lacking CCR6 are 
scattered within the connective tissue of the 
intestine (5). Their presence in the intestine 
only after birth indicates that their appear- 
ance may result from bacterial colonization 
of the gut. Surprisingly, Sawa et al. report 
similar numbers of NK-like cells in germ- 
free mice, suggesting a preprogrammed 
generation of these cells in preparation of 
the intestine for its impending bacterial 
colonization. However, this is at odds with 
another report showing that fewer NK-like 
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cells are present in germ-free mice (5). 

The identification of numerous immune 
cell types within the intestine demonstrates 
a previously unappreciated level of com- 
plexity among the non-B and non-T lympho- 
cyte populations located there. The degree to 
which these different cell types share devel- 
opmental relationships remains to be deter- 
mined. Because at least some of the ILC fam- 
ily members also reside outside of the intes- 
tine, it is of particular interest to know how 
their local environment influences their func- 
tion and how this affects adaptive immunity. 
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CHEMISTRY 


Caging Carbon Dioxide 


Christian Lastoskie 


transition to a portfolio of renew- 

able energy, nuclear power, and bio- 

fuels may yet mitigate the perceived 
calamities of global climate change. In the 
meantime, the global abundance of accessi- 
ble, inexpensive coal, combined with inces- 
sant pressure for economic growth among 
developed and developing nations, will ensure 
that present-day investments in fossil energy 
are not casually abandoned. Many more giga- 
tons of carbon dioxide are thus slated for 
discharge into the atmosphere in the com- 
ing decades. Given this reality, technology 
advancements that address global climate 
change through carbon capture and seques- 
tration (CCS) are equally important as inno- 
vations that spur the adoption of wind power, 
photovoltaics, and other generation assets 
with small carbon footprints. On page 650 of 
this issue, Vaidhyanathan et al. (/) report the- 
oretical and experimental studies that impart 
a better understanding of a chemical interac- 
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tion that appears central to improving CCS 
technology—the interaction of carbon diox- 
ide with amine functional groups. 

Aqueous amine solutions are the cheap- 
est method currently available to remove 
CO, from combustion gas. In amine absorp- 
tion, flue gas passes through a column con- 
taining a solvent such as monoethanolamine 
(MEA) that selectively absorbs CO,. The 
CO,-rich solution is then pumped to a tower 
where the temperature is raised, or the pres- 
sure lowered, to regenerate the solvent. CO, 
separation with MEA has been used in the 
chemical industry for more than 60 years 
(2), but it is not without problems. Recovery 
of CO, requires heating the MEA solvent to 
100° to 120°C with process steam, imposing 
a parasitic demand on plant output; an 81% 
increase in the cost of electricity has been 
estimated for a medium-sized pulverized 
coal plant that uses MEA absorption to cap- 
ture 90% of its flue gas CO, (3). Solvent dis- 
posal, water use, and corrosive interactions 
of oxygen and acidic components of com- 
bustion gas with absorber equipment pose 
additional environmental concerns. 


A better understanding of amine-CO, 
interactions may be pivotal in functionalizing 
novel adsorbents for carbon capture. 


Alternative methods to separate CO, 
from flue gas have therefore been suggested, 
including the use of physical adsorbents. 
Solid adsorbents could be particularly effec- 
tive for CO, separation from synthesis gas, a 
mixture of hydrogen, carbon monoxide, and 
CO, formed by exposing coal to steam and 
controlled amounts of oxygen at elevated 
temperatures and pressures in integrated gas- 
ification combined-cycle configurations pro- 
posed for next-generation “clean coal” power 
plants. Conventional adsorbents such as acti- 
vated carbons, however, have disappointingly 
low selectivity for CO, capture from com- 
bustion gases. This has spurred interest in 
porous coordination frameworks (PCFs) such 
as metal-organic frameworks (MOFs) for 
application to carbon capture. Many PCFs, 
including MOF-177 (zinc oxide-1,3,5-ben- 
zenetribenzoate) (4), have large CO, sorp- 
tion capacities due to their high specific sur- 
face areas and low densities. Because MOF 
pore size and connectivity can be tuned by 
selection of the metal cluster and organic 
cross-link, a bewildering matrix of combina- 
tions confronts the nano-architect seeking to 
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Get in there. Carbon dioxide adsorption in a model coal micropore, with displacement of methane, in a 
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molecular simulation of enhanced coalbed methane recovery for geological CO, storage. CO, molecules 
are shown in yellow and methane molecules in blue. Similar atomistic modeling methods are used by 
Vaidhyanathan et al. to investigate carbon capture by amine-modified metal-organic framework adsorbents. 


design a MOF optimally suited for CO, sep- 
aration. Computational methods have thus 
been brought to bear on this problem to iden- 
tify structure motifs in MOFs that better suit 
them for carbon capture, thereby reserving 
the time-consuming tasks of material synthe- 
sis and experimental verification for only the 
most promising candidates. Similar modeling 
strategies have been adopted to investigate 
carbon storage in complex, inaccessible, and 
chemically heterogeneous geological media 
such as saline aquifers and unmineable coal 
seams (see the figure). 

A suite of scale-spanning computational 
methods have been used to this end, most nota- 
bly grand canonical Monte Carlo (GCMC) 
atomistic simulations to obtain MOF sorp- 
tion capacities and heats of adsorption, and 
quantum mechanical density functional the- 
ory (DFT) investigations of specific adsorp- 
tion sites, binding energies, and interaction 
mechanisms (5). GCMC simulations require 
a force field to describe interactions of adsor- 
bate molecules with each other and with the 
adsorbent. The most frequently used generic 
force fields were developed for simulations of 
organic or biological systems, and they often 
lack parameters for the new atom combina- 
tions encountered in MOFs. Nonbonded (6) 
or hybrid (7) force fields informed by first- 
principles calculations were thus recently 


introduced to represent, for example, the 
ZnO, metal cluster building block found in 
many MOF adsorbents. 

Along these same lines, the GCMC simu- 
lations reported by Vaidhyanathan et al. use a 
force field for an amine-functionalized MOF 
[Zn,(3-amino-1,2,4-triazole), oxalate] with 
partial atomic charge parameters derived 
from periodic DFT calculations (8, 9). The 
authors demonstrate exceptional agreement 
between predicted and experimentally deter- 
mined physisorbed CO, positions in this 
MOF, allowing for analysis of the nature of 
the binding interaction with an unusually 
high level of detail. Interestingly, Vaidhyana- 
than et al. observe that appropriately oriented 
CO, molecules mutually enhance their bind- 
ing by essentially the same amount as having 
an amine group protruding into the pore. So, 
although amine functionalization has been a 
common route to enhance CO, uptake (10-— 
12), a strategically designed PCF that maxi- 
mizes dispersion and electrostatic interactions 
between adsorbed CO, molecules through 
cooperative guest binding might achieve high 
CO, uptake with a much lower enthalpy pen- 
alty for CO, desorption than is incurred in 
more tightly bound CO,-amine structures. 

Some MOFs have a sufficiently high CO, 
capacity and a sufficiently low heat of adsorp- 
tion to play a useful role in large-scale carbon 
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capture (/3). Nonetheless, much remains to 
be done to ascertain whether these materials 
fulfill their promise. In this regard, molecular 
modeling tools continue to play an important 
role in the screening and design of new MOF 
adsorbents, and in calculations of MOF prop- 
erties not easily determined by experiment, 
such as CO, sorption selectivity from binary 
post-combustion gas mixtures of CO,-N,, 
CO,-H,, and CO,-CH,. Permeability selec- 
tivity for membrane-based CO, separation 
using MOFs or other porous materials can be 
calculated from Monte Carlo and molecular 
dynamics (MD) simulations (/4). The fea- 
tures that give rise to gated CO, adsorption 
in elastic layered MOFs (/5), and that yield 
isotherms exceptionally well suited for CO, 
capture and recovery using vacuum swing 
adsorption, can be examined by hybrid MD 
methods. Molecular modeling can help to 
answer the all-important question of whether 
MOFs maintain their structural integrity and 
function when subjected to the harsh envi- 
ronment of combustion gases, which contain 
moisture and acidic oxides (NO, and SO.) 
that can destabilize frameworks (/6). Lastly, 
molecular simulations of model systems can 
provide helpful insights into CO, sorption 
and transport properties within media that are 
prospective geologic repositories for carbon 
storage, such as unmineable coal seams (/7) 
and shale cap rocks (/8). 
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CELL BIOLOGY 


Forced to Be Unequal 


Stephan W. Grill 


prominent way for an organism to 
Aw many different cell types is 

to have cells divide unequally, gen- 
erating daughter cells that differ in compo- 
sition and fate, and often also in size. The 
importance of this process, called asymmet- 
ric cell division, for the development of mul- 
ticellular organisms is undisputed (/). On 
page 677 of this issue, Ou ef al. (2) describe 
a mechanism for generating unequal-sized 
daughter cells that is based on contracting 
one cell half by the action of the cytoskeletal 
motor protein myosin. 

Much of our understanding about asym- 
metric cell division comes from study- 
ing developing embryos of the nematode 
Caenorhabditis elegans and the developing 
nervous system of the fruit fly Drosophila 
melanogaster (3, 4). Generally, a cell divides 
along an axis that is determined by the orien- 
tation of the mitotic spindle to ensure that this 
microtubule-based structure properly segre- 
gates chromosomes. The position of the spin- 
dle can thus determine the size of the resulting 
two daughter cells. When the mitotic spindle 
is positioned off center in a dividing cell, the 
constriction ring (or cleavage furrow) is usu- 
ally redirected to bisect the eccentrically posi- 
tioned spindle. This generates daughter cells 
of unequal size. Lopsided positioning can 
occur if extra force is exerted from one side 
of the dividing cell, pulling the spindle toward 
it (5). Other mechanisms that direct the posi- 
tion of the cleavage furrow involve signaling 
from the pathway that controls cell polarity, 
as recently observed in Drosophila neuro- 
blasts (6). This includes a polarized distribu- 
tion of myosin. Now, Ou et al. also report that 
the uneven distribution of nonmuscle myosin 
II in directing asymmetric division. Myosins 
comprise a large family of motor proteins that 
walk along cytoskeletal actin cables. As the 
motor protein moves along actin, it slides fila- 
ments along each other to generate a contrac- 
tile force through cycles of ATP hydrolysis 
and conformational changes. 

Ou et al. discovered that a cell of the Q 
neuroblast lineage in C. elegans divides asym- 
metrically because of the polarized activ- 
ity of cortical myosin. During division, half 
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of the neuroblast accumulates more cortical 
myosin (compared to the other half) and as a 
result, contracts due to the forces generated 
by these motor proteins. Using live cell imag- 
ing, the authors observed that in one member 
of the Q neuroblast lineage (called the QR.a 
cell), the cleavage furrow does not bisect the 
mitotic spindle right in its center, but rather 
in a slightly off-center position in the spindle 
(but still between the paired chromosomes). 


\symmetric cell division 
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Putting on the squeeze. Asymmetric cell division 
occurs by having one (future) daughter cell contract 
more than the other, a process driven by myosin. 
Because the cytosol and cellular contents have to go 
somewhere, contraction of the anterior half of the 
dividing cell causes the expansion of the posterior 
half. This results in an unequal division. 
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The distribution of a motor protein generates 
an unequal contractile force that controls 
the asymmetric division of eukaryotic cells. 


This is in addition to ecentric positioning of 
the spindle within the cell, similar to that seen 
in Drosophila neuroblast asymmetric divi- 
sion. Thus, a spindle-independent mecha- 
nism might control the asymmetric division 
in C. elegans neuroblasts. 

Myosin is involved in several aspects of 
asymmetric cell division, most prominently 
in the establishment and maintenance of cel- 
lular polarity (J, 7, 8). Uneven distribution 
of myosin has been observed in asymmetric 
cell division (6, 7, 9), but only for extremely 
asymmetric meiotic divisions have they been 
made responsible for creating unequally 
sized daughter cells in a direct mechanical 
sense (/0). Ou et al. observed that myosin is 
unevenly distributed in neuroblast daughter 
cells, with more myosin in the furrow region 
and within the smaller anterior daughter cell 
(see the figure). The authors propose that by 
causing the anterior half of the dividing neu- 
roblast to contract more than the posterior 
half, myosin drives asymmetry in division. 
Indeed, the membrane of the posterior half 
of the dividing neuroblast appears to expand 
outward as the membrane of the anterior half 
shrinks, which is consistent with mechanical 
squeezing to drive asymmetry. 

Perturbing the distribution and activity 
of myosin further confirmed that contraction 
at one end of the dividing cell underlies the 
asymmetry. This approach included chro- 
mophore-assisted laser inactivation (CALI) 
of myosin II (which was tagged with green 
fluorescent protein) to locally reduce myo- 
sin contractile activity (//). CALI of myosin 
in the anterior half of a dividing neuroblast 
not only diminished anterior contraction, but 
it resulted in a more symmetric cell division, 
which altered the fate of the anterior daugh- 
ter cell (it avoided programmed cell death). 
By contrast, CALI of myosin at the posterior 
half of the dividing cell did not appreciably 
affect the ratio of daughter cell sizes that is 
normally observed. 

Although much work on asymmetric cell 
division has focused on understanding how 
the mitotic spindle is positioned, Ou ef al. 
reveal a simple mechanism that is entirely 
based on the differential regulation of actin- 
myosin (actomyosin) contractility. It will be 
interesting to see if asymmetric cell divisions 
in other cell types also use this mechanism. 
For example, the asymmetric distribution of 
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myosin in Drosophila neuroblasts (6) might 
function similarly to that in C. elegans neu- 
roblasts, in addition to those mechanisms 
already known to control asymmetric divi- 
sion in these cells. It will also be important to 
examine the precise relationship between the 
mitotic spindle and actomyosin network (/2, 
73) in the neuroblast (QR.a) cells. It may be 
that spindle-dependent mechanisms are act- 
ing in addition to the mechanical squeezing. 
Might biophysical measurements confirm 
that actomyosin-imparted cortical tension is 
different in the two halves of the dividing cell 
(10)? One might also expect a flow of cyto- 


STEM CELLS 


sol through the constriction zone that accom- 
panies the shrinking of the anterior daughter 
cell, and this flow could affect the position of 
the mitotic spindle. Understanding the bio- 
physical implications of the findings in con- 
junction with the cell biological observations 
of asymmetric cell division will be an intrigu- 
ing next step in understanding what drives 
this process. 
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Epigenome Disruptors 


Myriam Hemberger’ and Roger Pedersen? 


he “epigenome” com- 
prises a range of modifi- 
cations that are imposed 
on the genome (DNA) and 
ensure the stable transmission of 
gene expression patterns without 
changes to the DNA sequence. 
“Epigenetic disruptors” could 
change gene activity and in the 
case of stem cells, alter cell fate 
or number, causing, for exam- 
ple, an increased risk of cancer 
(1). “Epimutations” arising in 
this way may even pass through 
the germ line to the gametes, 
thereby affecting subsequent 
generations. Due to their inherent 
developmental plasticity, stem 
cells may be an ideal reporter 
system for epigenetic perturba- 
tions. This could be achieved by 
studying loci (such as imprinted 
genes) that undergo epigenetic alterations in 
normal development, and monitoring their 
response to potentially disruptive agents. Are 
such screens feasible, and would they provide 
a systematic and reproducible readout? 
Early mammalian development (from 
fertilization) is characterized by progressive 
restriction of cellular plasticity and is accom- 
panied by the acquisition of epigenetic modi- 
fications (such as DNA methylation). These 
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Epigenetic stability during development. In the conventional, 
static model, epigenetic stability is proportional to the amount of 
DNA methylation and histone modifications. In the dynamic model, 
the steady turnover of epigenetic modifications makes the epi- 
genome persistently vulnerable. The contribution of stem cells to an 
organisms overall epigenetic vulnerability diminishes progressively 
with development as their proportion in tissues decreases. Vulner- 
ability of individual stem cells could approach either the static or 
dynamic levels, depending on the actual state of their epigenome. 


impose a cellular memory that accompanies 
and enables stable differentiation. The unspe- 
cialized cells of the early (preimplantation) 
mouse embryo can give rise to “pluripotent” 
embryonic stem cells that exhibit the widest 
developmental potency and can colonize all 
tissues when combined with a mouse embryo 
to form a chimera. Epiblast stem cells derived 
from the postimplantation mouse embryo are 
also pluripotent but contribute poorly if at all 
to chimeras (2, 3). Stem cells with progres- 
sively declining developmental plasticity can 
be derived from later embryonic stages or 
even the adult (such as neural and hematopoi- 
etic stem cells). In normal development, the 
epigenetically imposed restrictions to cellu- 
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What can stem cells tell us about epigenetic 
perturbations? 


lar plasticity are erased only in the germ line, 
where profound epigenetic reprogramming 
events lead to the formation of a new set of 
gametes (see the figure). However, fully dif- 
ferentiated cell types can be experimentally 
reprogrammed into induced pluripotent stem 
(iPS) cells by the temporary overexpression 
of key pluripotency factors. Human iPS cells 
hold therapeutic promise, as they are readily 
accessible from any individual (4). 

Intense investigations of mouse and 
human pluripotent stem cells have established 
genome-wide profiles of DNA methylation, 
histone modifications, and DNA occupancy 
patterns of important chromatin-modifying 
enzymes (5). These analyses reveal funda- 
mental epigenetic principles of pluripotency 
including hypomethylation of many gene 
promoters (versus hypermethylation in dif- 
ferentiated tissues) and a characteristic “biva- 
lent” pattern of histone modifications that 
poise genes for activation at later stages. 

However, pluripotency is inherently 
labile, and embryonic stem cells are epi- 
genetically heterogeneous and dynamic. 
Perhaps as a consequence, they are prone 
to undergo epigenetic alterations during 
their derivation from early mouse embryos 
and in subsequent cell culture. Analysis of 
DNA methylation patterns reveals that they 
undergo extensive culture-induced altera- 
tions that persist throughout embryonic stem 
cell differentiation (6, 7). DNA methylation 
is a key mediator of genomic imprinting, and 
perturbed expression of imprinted genes fre- 
quently accompanies epigenetic perturba- 
tions involving DNA methylation in mouse 
embryonic stem cells. However, human 
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embryonic stem cells do not show the same 
vulnerability, possibly reflecting a more 
mature developmental state (2, 3, 8). 

Recent findings shed some light on the 
mechanistic basis of this epigenetic vulner- 
ability and may challenge the current view of 
DNA methylation as a stable epigenetic mod- 
ification. DNA methylation appears subject 
to constant and dynamic turnover—for exam- 
ple, through conversion of 5-methyl cytosine 
into 5-hydroxymethyl cytosine—highlighting 
the possibility that DNA methylation patterns 
have to be actively maintained during each 
cell division cycle (9—//). In addition, indi- 
vidual embryonic stem cell lines (mouse and 
human) differ to some extent in their epige- 
nome as well as in their precise differentiation 
potential (7, /2). This variability is even more 
pronounced in iPS cells that exhibit some epi- 
genetic memory, which biases their differen- 
tiation toward the cell type from which they 
were derived (/3, 14). 

These issues raise several important 
questions that need to be addressed when 
considering stem cells as a screening tool of 
epigenetic disruptors. For example, what is 
the normal spectrum of epigenetic variabil- 
ity in stem cells, tissues, and organisms and 
how much of it is genetically determined (as 


opposed to environmentally induced)? And 
how can a baseline for normality be defined? 
Important progress on the fundamental char- 
acterization of stem cell and tissue type—spe- 
cific DNA methylation patterns is anticipated 
from the Human Epigenome Project (HEP) 
and the High-throughput Epigenetic Regula- 
tory Organisation In Chromatin (HEROIC) 
project (/5, 76). Another question concerns 
the choice of stem cell type for such screens. 
An ideal type should provide sufficient plas- 
ticity to monitor epigenetic changes without 
excessively high background fluctuation. 
Additionally, what sex of stem cells should 
be used? Male and female mouse embryonic 
stem cells can exhibit dramatic epigenomic 
differences (/7), and sex differences also 
exist in the vulnerability to environmentally 
induced epigenetic changes. Further, which 
epigenetic modifications should be screened 
to deduce epigenetic perturbations, and on 
what scale? The known types of epigenetic 
modifications are still increasing, and their 
functional consequences for gene expres- 
sion are still being established. Finally, it is 
necessary to determine when the cumulative 
acquisition of epigenetic changes becomes 
detrimental. Can a “point of no return” 
be defined when pathological outcomes 


PERSPECTIVES 


become irreversible at the cellular, organis- 
mal, and transgenerational, levels? 

Answers to these questions are instru- 
mental for understanding the dynamics of the 
epigenome in stem cells, development, and 
aging. They are also integral to establishing 
meaningful stem cell models for screening 
chemicals and environmental compounds for 
epigenetic effects. 
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A Little Chemistry Helps 


the Big Get Bigger 


James W. Evans' and Patricia A. Thiel? 


hat is the common denomina- 

tor between the geologic forma- 

tion of gemstones, the degrada- 
tion of pharmaceutical suspensions, and the 
manufacture of structural steels? They all can 
involve a process called coarsening, in which 
a group of objects of different sizes transforms 
into fewer objects with larger average size (/), 
such that “the big get bigger.’ The atoms that 
occupy boundary locations between differ- 
ent phases tend to be less energetically stable, 
and coarsening stabilizes the overall system 
by decreasing the number of such atoms. A 
fundamental scientific question in coarsening 
is identifying how the requisite transport of 
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atoms occurs. New answers to this question 
are being revealed by studies of nanoscale 
particles that are grown on surfaces 

In the case of gemstones, the end result of 
coarsening is easy to see, even though the pro- 
cess is not, because it occurs under extreme 
conditions of temperature and pressure over 
geological time scales. In the vast majority 
of cases, the objects that coarsen are micro- 
scopic and not readily discerned, but the ram- 
ifications can be clear. For example, in phar- 
maceutical suspensions, the effectiveness of 
an antibiotic may decrease from coarsening 
(coagulation), and the strength of a surgical 
tool made from hard martensitic steels can be 
reduced if tiny embedded particles coarsen 
during its fabrication. Alternatively, coarsen- 
ing can be manipulated in such a way that it 
leads to a sharp, narrow distribution of par- 
ticle sizes—an objective that is paramount in 
some nanotechnologies (2). 


Published by AAAS 


The coarsening of small metal particles can be 
enhanced when metal atoms are transported 
between particles as part of larger complexes. 


Since the mid-1990s, the scanning tunnel- 
ing microscope (STM) has revealed a wealth 
of information about coarsening from stud- 
ies of two-dimensional (2D) structures, or 
“islands,” grown on single-crystal substrates 
(3, 4). In the simplest of these systems, the 
islands are grown from the same material 
as the substrate (homoepitaxy). The classic 
mechanism for coarsening, Ostwald ripen- 
ing (OR), was often observed in these stud- 
ies. Discovered by Ostwald around 1900, in 
this mechanism, the particles are essentially 
immobile, but they exchange material by 
virtue of little “messengers” that constantly 
detach and reattach at their edges. 

The default candidate for messengers on a 
metal surface would be single adsorbed metal 
atoms, or “adatoms” (3, 4). The equilibrium 
vapor pressure of adatoms is higher at the 
periphery of smaller particles, which causes 
net transfer of mass from smaller to larger 
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particles. Lifshitz-Slyozov-Wagner (LSW) 
theory quantifying OR was developed around 
1960 (/). Subsequently, coarsening dynamics 
for OR has been explored within the statis- 
tical physics community in many simulation 
studies of generic models (5). 

However, another coarsening mechanism 
was also observed in the STM studies wherein 
the particles themselves can move, collide, 
and combine via coalescence (3, 4). This pro- 
cess is now referred to as Smoluchowski rip- 
ening (SR) after Smoluchowski’s coagulation 
equations. SR was rarely discussed in earlier 
statistical physics studies, but recent model- 
ing has recognized the importance of a realis- 
tic treatment of kinetics in describing particle 
diffusion and nanostructure reshaping and in 
controlling the competition between OR and 
SR (4). Actually, this competition was also 
recognized long ago in studies of the degra- 
dation of metal catalyst nanoclusters on oxide 
surfaces (6). 

The above paradigms usually explain 
coarsening of homoepitaxial islands either 
for single-element materials, such as silicon 
(7) and silver (3, 4), or for compound mate- 
rials, such as titanium nitride (8). However, 
refinements are needed to account for aniso- 
tropy (e.g., in surface diffusion), strain for 
growth of one material on another (hetero- 
epitaxy), and other complexities. The situ- 
ation is even more complicated for nano- 
structures in operating environments where 
they are exposed to “additives,” such as 
oxygen or sulfur (S). In these cases, dra- 


A 


matic enhancements of coarsening have 
been observed. 

What is the nature of the enhancement 
mechanism and of the messengers when 
additives alter OR-mediated coarsening? 
One possibility, suggested long ago for sul- 
fur-enhanced transport of Ag, is that diffu- 
sion of a single-atom messenger is enhanced 
on additive-covered terraces (9). A more 
interesting possibility is that the messenger 
itself changes, in the presence of additives, 
into a metal-additive complex or cluster 
(see the figure). We focus on the latter sce- 
nario, but why would enhancement occur 
in the first place? For OR, three key factors 
affect the overall coarsening rate, namely the 
mobility of the messenger; the population of 
messenger on the terraces between islands; 
and the possibility ofa barrier for attachment 
to islands (J, 3, 4). 

Generally, a “bulky” complex is expected 
to be less mobile than its constituent metal 
adatoms, although the opposite can occur 
through the “sky-hook” effect, in which 
strong additive-metal adatom bonding weak- 
ens adatom-substrate bonding (/0). For 
slower complexes, OR should be inhibited, 
not enhanced. However, stable complexes 
could potentially have a very high population 
if they have a low formation energy relative 
to that for adatoms, thus overcompensating 
the lower mobility. This key observation was 
emphasized recently in describing enhanced 
decay of copper (Cu) islands on the atomi- 
cally flat Cu(111) surface caused by sulfur 
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Additives accelerate change. Although coarsening processes happen in many settings, the advent of probes 
such as the scanning tunneling microscope (STM) allows such processes to be followed in detail on surfaces. 
(A) This schematic shows the shrinking of a hexagonal metal (M) island on a flat surface of the same metal, 
specifically the (111) surface termination of a face-centered cubic crystal. Transport to a larger island or 
extended surface step is assisted by the formation of metal-sulfur complexes, MS, and M,S, (M shown in blue, 
S in black). Reaction steps in complex formation are indicated at the bottom. (B) STM images (90 nm by 90 
nm) of the decay of a ~30,000-atom silver (Ag) island on Ag(111) in the presence of 11 millimonolayers of 
S at 300 K. Complete island decay takes 7 min (13) versus ~30 hours on a S-free Ag surface. 


(11). The potentially favorable thermody- 
namics of complex formation has been rec- 
ognized in earlier catalysis studies (6). 

What are the mechanistic details of com- 
plex-enhanced coarsening? One might imag- 
ine the entire complex detaching and reat- 
taching from island edges, but then it is dif- 
ficult to rationalize why it should have a low 
formation energy relative to adatoms. At the 
other extreme, these complexes could form 
entirely on terraces from detaching adatoms 
by combining with terrace additives in a pro- 
cess driven by the energy reduction caused by 
bond formation (/2). Sufficient coupling of 
adatoms detaching from islands to these com- 
plexes is needed; otherwise, the complexes 
may be passive bystanders in the coarsening 
process even if they are present in large num- 
bers (/2). Subtleties of transport and coupling 
require a generalized LSW theory. A simpli- 
fied but elegant linear two-species (adatom 
plus complex) model was developed by Ling 
et al. (12) that captured different regimes of 
coupling observed in experiments for S/Cu/ 
Cu(111). A quantitative theory requires cou- 
pled nonlinear reaction-diffusion equations 
(13), together with input on energetics from 
density functional theory. 

Elucidation of the mechanisms for addi- 
tive-enhanced coarsening will be important 
for improved durability of functional nano- 
structures, for example, avoiding the growth 
of larger metal particles that have lower sur- 
face area and are less effective as catalysts. 
For complex-mediated mass transport, there 
are challenges in identifying the complex 
and suitably extending LSW theory. It is 
likely that other mechanisms for coarsening 
could exist in which additives enhance mes- 
senger mobility (9) or reduce an attachment 
barrier (4). These mechanisms still await 
discovery and analysis. 
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STRUCTURAL BIOLOGY 


The Tao of Chloride Transporter 


Structure 


Joseph A. Mindell 


PERSPECTIVES 


A protein structure from a heat-loving alga 
offers insight into the diverse family of CLC 
chloride channels and transporters. 


ao Tzu’s Tao Te Ching, 

| a central text of Asian 
philosophy dating to 

the 6th century B.C.E., offers 
paths to enlightenment, in 
part by considering appar- 
ent paradoxes. “We put thirty 
spokes together and call it 
a wheel,” it notes. “But it is 
on the space where nothing 


Into the pore. (A) Current models of CLC 
transporter function envision either “rock- 
ing bundles” (22) of transmembrane o 
helices (left) that change their tilt with 
respect to the membrane, shifting the 
exposure of a substrate binding site and 
allowing an ion (white sphere) to pass 
through; or a “sliding piston” (right) (11), 
in which a protein domain slides a large 
distance perpendicular to the membrane 
to enable ion transport. (B) Feng et al. pro- 


is that the usefulness of the 
wheel depends” (/). Such 
thinking applies equally well 
today—not only to the hole in 
the center of a wheel, but also 
to holes in proteins that move 
ions across cell membranes. 
Indeed, on page 635 of this 


pose that movements of a single side chain 
(the “gating glutamate”) are central to the 
transport process. A prominent feature of 
this model is the “open” channel-like state 
(left), during which only an energetic bar- 
rier prevents fast downhill Cl flux through 
the protein. In two other states (center and 
right), the negatively charged glutamate 
side chain displaces Cl- from two different 


issue, Feng et al. (2) present 
a new structure of a chloride 
(CI) transporter that reveals the mechanistic 
importance of an aqueous hole through the 
center of the protein: a space where nothing 
is. This new structure clarifies several para- 
doxical features of the unusually diverse CLC 
family of Cl -transporting proteins. 

The CLCs contribute to a wide range of 
physiological processes, from maintaining 
the electrical stability of the resting muscle 
membrane, to regulating salt secretion in kid- 
ney cells, to facilitating acidification in endo- 
somes and lysosomes (3). The CLCs possess 
a functional diversity unprecedented among 
membrane transport proteins: About half of 
the mammalian members of this family func- 
tion as ion channels, whereas the others are 
transporters, coupling movement of CI in one 
direction to an opposite flux of protons. This 
functional diversity is particularly surprising 
in light of current models for both transporter 
types: Ion channels are expected to form con- 
tinuous aqueous pores across the membrane; 
transporters, in contrast, must provide means 
to alternately expose their substrate binding 
sites to both external and internal solutions, 
to avoid decoupling the movements of their 
various substrates (see the figure). 
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All mammalian CLCs have two func- 


tional parts, or domains; a transmembrane 
(TM) domain that spans the cell’s lipid bilayer 
membrane is coupled to a carboxyl-termi- 
nal domain that extends into the cytoplasm. 
Investigators have previously reported struc- 
tures for bacterial CLCs, which contain only 
the integral membrane domain (4), and for 
isolated mammalian cytoplasmic domains (5, 
6), but never for the two parts together in a 
single protein. Feng ef al. sought to address 
this by determining the structure of a eukary- 
otic CLC that contains both domains, but they 
found that none of the mammalian candidates 
were sufficiently stable to make the crystals 
necessary for structural studies. Instead, they 
pursued an alternate approach, paralleling 
one that has been extremely successful for 
bacterial proteins. They isolated a protein 
(called CmCLC) from an alga that thrives at 
relatively high temperatures. This protein was 
amenable to crystallization, and the authors 
determined its structure at 3.5 A resolution, 
enough to visualize the overall fold of the 
protein as well as some molecular detail. 

The most striking feature that emerges 
upon first examining the new structure is the 
intimate contact between the two domains. 
Each domain is similar to structures previ- 
ously described. It was expected that, like 
many ion channel structures, the cytoplas- 
mic domains would be suspended almost like 
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baskets below hot air balloons (7, 8). Sur- 
prisingly, however, the CmCLC cytoplasmic 
domain is intimately nestled onto the inner 
surface of the TM domain. Highlighting this 
intimacy, the characteristics of the interface 
are similar to those of an antibody-antigen 
binding surface, with adjacent surfaces fit- 
ting into each other like adjacent pieces of a 
jigsaw puzzle. In mammalian CLCs, many 
disease-causing mutations occur in the amino 
acids lining the interaction surface between 
the two domains, suggesting that even minor 
perturbations of this interface can disrupt the 
protein’s normal function. Given evidence 
that binding of ligands to these cytoplasmic 
domains can regulate CLC function (9), the 
close interaction between the domains pro- 
vides clear paths for modulatory signals to 
influence the membrane transport process. 
The few known cytoplasmic domain ligands, 
however, have little or no effect on function, 
which has to be reconciled with the new evi- 
dence about structure—there may yet be 
much to learn in this area. 

The second major insight provided by the 
structure is also a surprise, but one that per- 
haps sheds light on the fundamental duality 
of the CLC family. It concerns a critical res- 
idue for the function of both CLC channels 
and transporters. Referred to as the “gating 
glutamate,” the acidic side chain of this resi- 
due is essential for coupling between protons 
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and CI in CLC transporters, and for voltage- 
dependent gating in CLC channels. Part of 
the evidence for the role of the gating gluta- 
mate comes from a series of structures of the 
Escherichia coli CLC (4, 10). They show that 
the side chain of the gating glutamate alter- 
nately occludes ion access to the ion perme- 
ation pathway, or swings out of the way to be 
replaced by a CI ion (4, 0). In the new struc- 
ture, the gating glutamate occupies a new 
position, projecting into the core of the pro- 
tein to displace Cl from a different, deeper 
binding site (see the figure). 

On the basis of this observation, Feng et 
al. propose a novel mechanism; instead of the 
protein undergoing a large conformational 
change to enable transport, the movements of 
the gating glutamate alternately allow access 
to one side of the membrane or the other. 
This effectively makes it a “plunger” to expel 
bound CI to the cytoplasm and to deliver (or 
accept) the transported proton well into the 
translocation pathway. This mechanism would 
require only minimal conformational change, 
certainly compared with the dramatic move- 
ments currently being described for other 
families of transporters (see the figure) (//, 
12). In CLC transporters, there is also evi- 
dence of transport-associated conformational 
changes (/3, /4), but the magnitude of those 
changes is unknown. Other data, however, do 
support a minimal change, most notably the 
low activation energy of CLC transporters 
compared with other transporters (/5). 

Another remarkable property of the model 
proposed by Feng ef al. is that it predicts a 
state that has been considered forbidden for 
a transporter protein: an “open” channel-like 


state in which the protein contains a contin- 
uous aqueous pathway spanning the mem- 
brane. In a first-order approximation, such 
a pathway couldn’t exist because it would 
allow the transported substrates to “slip,” or 
move independently of each other down their 
concentration gradients, thereby wasting the 
work of the transporter. The new model avoids 
this slippage by invoking a kinetic barrier to 
movement: CI ions encounter an energetic 
“hill” that prevents their rapid permeation. 
Such an energy barrier could bypass the need 
for a physical barrier to prevent unwanted 
“downhill” Cl flux. As the authors point 
out, an occasional Cl ion sneaking through 
the transporter (on the order of 1/1000 ions) 
would have minimal effects on coupled trans- 
port. This open state is predicted to occur 
while the gating glutamate is protonated and 
rotated away from the ion path—it should 
thus be favored at low pH. The model there- 
fore predicts that coupling might be weaker 
at low pH than at high pH, a phenomenon not 
yet observed for ClCec1, a well-studied CLC 
transporter from E£. coli (16). Yet uncoupling 
at low pH has been suggested for a mamma- 
lian CLC transporter, CIC-3, providing early 
support for the new mechanism (/7). 

Perhaps the most compelling aspect of the 
new transport model is that it offers a natural 
explanation of the relationships between the 
transporter and channel branches of the CLC 
family. By postulating an open aqueous path- 
way as an essential feature of the CLC trans- 
port mechanism, Feng et a/. make it possible 
to imagine an evolutionary path to a chan- 
nel that might involve a change only in the 
kinetic barrier to CL. movement. As this bar- 


rier is reduced, uncoupled (but not coupled) 
transport rates would increase dramatically. 
Indeed, a combination of two mutations along 
the transport path (including the gating gluta- 
mate) is sufficient to raise uncoupled trans- 
port rates by almost a factor of 20 (78). Thus, 
Feng et al.’s model accounts for a large num- 
ber of the confusing, paradoxical features of 
the CLC family and, to paraphrase Lao Tzu, 
reveals that it is on the space where nothing is 
that the mechanism of the CLC depends. 
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IMMUNOLOGY 


Infection Protection and Natural 


Selection 


Lynn B. Martin and Courtney A. C. Coon 


hy are infectious diseases still the 
major causes of animal mortality, 
despite the strong and ever-pres- 
ent evolutionary pressure to eliminate traits 
that make individuals susceptible to infec- 
tion? Why hasn’t natural selection weeded 
out weak immune systems? An emerging and 
rapidly growing field, known as ecological 
immunology or ecoimmunology, is trying to 
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answer these questions by investigating how 
variation in immune response in free-living 
animal populations affects fitness. On page 
662 of this issue, Graham et al. (1) provide 
an illuminating answer for feral sheep liv- 
ing on the Scottish island of Hirta in the St. 
Kilda archipelago. The sheep have varying 
blood levels of antibodies, and individuals 
with higher levels appear to confront a fit- 
ness trade-off: Although a strong immune 
response helps adult females survive harsh 
winters, it also reduces reproduction. 


On an island off Scotland, variation in sheep 
immune response imposes fitness costs and 
benefits. 


One journal (2) has dedicated a spe- 
cial issue to ecoimmunology, another spe- 
cial issue (3) is forthcoming, and the U.S. 
National Science Foundation recently 
funded a Research Collaborative Network 
(www.ecoimmunology.org) to help shape 
the field. Some of the first papers in the area 
(published just ~20 years ago) have been 
cited more than 1000 times (4, 5). Recently, 
investigators have also begun to develop 
the study of human ecoimmunology (6-8), 
which may augment another nascent disci- 
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Resistance of infection 


Fitness 


Antibody response 


Fitness in the flock. Immune response in Soay sheep carries costs and benefits for survival and reproduc- 
tion. (A) Increasing parasite pressure (upward black arrow) should favor strong infection resistance mecha- 
nisms, such as an active immune system. But an immune system that produces high levels of antibodies that 
attack the body's own cells extracts a cost that favors weaker immune response (downward-pointing black 
arrow). The opposing trends suggest that animals should evolve optimal, not maximal, immunity. (B) In Soay 
sheep, the costs and benefits of immune defenses appear to drive variation in levels of antibody response. 
Females had greater antibody responses than males, and females with the greatest antibody response (green 
curve) had the highest probability of surviving over the winter (upward black arrow on left), when exposure to 
parasites promotes mortality. But individuals of both sexes that had the highest antibody responses did not 
breed in the previous year (upward black arrow on right). 


pline known as Darwinian medicine (9, /0). 

Perhaps the most important contribution 
of ecoimmunology to date has been to explic- 
itly incorporate the costs of immune function 
into studies of how animals defend against 
parasites (5). Investigators have long known 
that immune defenses are expensive in terms 
of calories and proteins (//), lost opportuni- 
ties (i.e., sickness preventing reproductive 
behavior) (/2), and self-damage due to misdi- 
rected or overactive immune responses (/3). 
These costs can be important from an evolu- 
tionary perspective, as populations selected 
for robust defenses often exhibit compara- 
tively slow growth or reproductive output 
(14). Ecoimmunologists have brought these 
costs to the forefront and emphasized that the 
“best” immune system—the one expected to 
emerge from most evolutionary processes— 
is not the strongest one; rather, it is the one 
that maximizes or maximized fitness in light 
of constraints (/4). 

Graham eft al. provide one of the best 
examples so far of such “optimal immu- 
nity” in a free-living animal population. They 
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found that antibody responses were related to 
fitness in wild sheep, but in a complex way 
(see the figure). Antibodies help control par- 
asites by interfering with their movement or 
replication or by targeting them for elimina- 
tion by other immune cells. Given these func- 
tions, one might expect that “more is bet- 
ter,’ because more antibodies should mean 
faster elimination of more parasites. Some 
antibodies, however, can target the body’s 
own cells and proteins for destruction, mak- 
ing them progenitors of disease. In humans, 
autoimmune diseases, including lupus and 
type | diabetes, are associated with overac- 
tive immune cells. This double-edged sword 
may explain why, for some Soay sheep, less 
was more. Specifically, sheep that maintained 
the highest concentrations of antibodies suf- 
fered costs to fitness in the form of lower 
reproductive output: Male and female sheep 
with high antibody concentrations in the fall, 
after the breeding season, were unlikely to 
have produced offspring in the previous sea- 
son. But there were also benefits to antibody 
responses: Females with high levels were 
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more likely to survive harsh winters that are 
associated with high parasite burdens, and 
produced offspring more likely to survive the 
neonatal period. The key discovery, however, 
was that an intermediate immune response 
may often be advantageous in wild animals. 

Graham ef al. also considered whether 
these “collateral damage” costs promoted 
some variation in antibody response. How- 
ever, the response they measured—levels of 
antinuclear antibodies (ANAs) that bind to 
proteins released from dying cells—did not 
provide a clear answer; high ANA levels also 
correlated with antibody responsiveness to 
nonself proteins, meaning that the immune 
system was also primed to oust invaders. As 
a result, the direct relevance of autoimmunity 
to fitness in wild animals remains unclear, 
and future investigations of this issue could 
prove useful, especially since many human 
ailments involve immune dysregulation (/5). 

Other questions would also benefit from 
collaboration among eco- and traditional 
immunologists. What levels of antibodies, 
for instance, are needed to provide wild ani- 
mals with protection against specific para- 
sites? What factors besides genes explain 
why antibody responsiveness varies with age 
and among individuals? Ecoimmunology is 
poised to make novel contributions to immu- 
nology (/6), but collaborations between 
bench and field researchers are needed to 
reveal and explain the gamut of natural 
immunological variation. 
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RETROSPECTIVE 


Georges Charpak (1924-2010) 


Yves Quéré 


eorges Charpak was 7 years old in 
GG" when his parents, Maurice and 

Anna, decided to leave their village 
in Poland and move to Paris. “I have a won- 
derful memory of my primary school,” he 
often said, “where French quickly began to 
take over from the Polish of my youth, and 
where I set about indiscriminately devour- 
ing everything that came my way: mathemat- 
ics, history, science, literature... Very soon, I 
felt that I had a debt to an education system 
that had given me so much.” Brilliant stud- 
ies, then war, the German occupation, and 
the French Resistance (he had a false iden- 
tity card, and was arrested and deported to the 
Dachau concentration camp). All this made 
his youth an adventure worthy of a novel, in 
which conviction and courage went face to 
face with tragedy. 

Then there is Georges after the war, 
beginning his research at the Fréderic Joliot- 
Curie laboratory in Paris, where he was soon 
gripped by a passion for particle detectors. It 
never left him. Drawn to the European Orga- 
nization for Nuclear Research (CERN) in 
Geneva by the American physicist Leon Led- 
erman, he would spend most of his career 
there as an impassioned physicist and an 
inspired experimenter. He built his multi- 
wire proportional chambers for electronically 
tracking the particles created by accelera- 
tors; they deposed bubble chambers, creat- 
ing his fame and earning him the Nobel Prize 
in Physics in 1992. On his return to Paris, he 
was invited to join the Ecole supérieure de 
physique et de chimie industrielle de Paris, 
by Pierre-Gilles de Gennes, then the direc- 
tor. There, he continued his work, this time 
in radiology, developing detectors that cut the 
exposure time needed for radiography by sev- 
eral orders of magnitude. At the same time, 
he was a prominent campaigner against the 
proliferation of nuclear weapons, and in favor 
of nuclear power stations. 

Georges was then seized by another pas- 
sion. In 1995, while visiting schools in Chi- 
cago that his friend Lederman had helped 
save from violence and ruin through science 
taught “hands-on,” Georges decided—with a 
faith that would have moved mountains—to 
reform the teaching of the natural sciences 
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in French primary schools. With the support 
of a few teachers who were already working 
in that direction, and backed by a unanimous 
vote of the French Academy of Sciences in 
1996, he launched La main a la pate (“hands 
in the dough”). At first, several hundred 
schoolteachers embarked upon the adven- 
ture, and then several thousand, with the full 
backing of the French Ministry of Education. 
It involved teaching so that children learned 
science by doing it, and not just by reading 
about it on the blackboard or on a screen. 
Soon, Georges was joined by fellow mem- 
bers of the French Academy, and by a group 
of teachers and enthusiastic scientists. Fruit- 
ful contacts were made with other pioneers, 
such as Jerry Pine at the California Institute 
of Technology and Karen Worth of the Edu- 
cational Development Center, headquartered 
in Boston. 

A team formed under the aegis of the 
French Academy, and it soon defined a strat- 
egy and tactics. The strategy was founded on 
a single priority: to use science to support 


A generous Nobel laureate had a passion 
for particle detectors and reforming 
science education. 


the child’s mental development. This meant 
inculcating a taste for questioning, a sense 
of observation, intellectual rigor, practice 
with reasoning, modesty in the face of facts, 
an ability to distinguish between true and 
false, and an attachment to logical and pre- 
cise language. The tactics involved creating 
and organizing support for a major Web site, 
now consulted by a vast number of teachers, 
creating “pilot centers” around the country 
where La main a la pate was rolled out on a 
model basis, and creating a prize for the best 
classes, to be presented annually by the min- 
ister at the French Academy’s hall of honor. 
Today, Georges Charpak’s scheme is offi- 
cially endorsed by the ministry, and about 
40% of French primary school teachers have 
adopted the approach. 

Far beyond France, however, a similar 
trend was seen in the years around the turn 
of the millennium. Academies—such as the 
U.S. National Academy of Sciences, led by 
the determined action of its president, Bruce 
Alberts (now editor-in-chief of Science), the 
Swedish Academy, and a number of others— 
followed parallel paths. Networks formed, 
and an increasing number of international 
meetings and colloquia took place. La main a 
la pate appeared in Colombia, Brazil, Argen- 
tina, Chile, and also, among many others, in 
China, Malaysia, Turkey, Afghanistan, and 
Cameroon. As for Europe, it has begun to 
organize itself around the Pollen and Fibo- 
nacci projects, funded by the European Com- 
mission, while the IAP, the global network of 
science academies, has made the teaching of 
science to children a sort of flagship for its 
international action. 

At the heart of this national and interna- 
tional blossoming was the smiling but inflex- 
ible Georges, acting in favor of the children of 
the world. His enthusiasm, his strength of per- 
suasion, his humor, and his charm were deter- 
mining factors. His death, on 29 September 
in Paris, has deprived us of an outstanding 
man; a man who abhorred sectarian mind- 
sets, compromise, bad faith, intolerance, the 
taste for power, and lies; a man who returned 
100-fold the debt he believed he owed; a man 
who loved life, music, culture, friendship, sci- 
ence, action, and always going that bit further. 
Georges Charpak has left an indelible mark 
on all those who approached him, through his 
generosity, his youthfulness, and his passion. 

10.1126/science.1198962 
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Physical Phenomena in Real Time 


David Brookest and Eugenia Etkinat 


here is a growing realization that nur- 
turing scientists for the 21st century 
requires engaging students in the pro- 

cesses of doing science (/). For students to be 
engaged in the process of doing physics, they 
need to learn to think like a physicist. Physics 
is more than the final content that we assess 
in a traditional exam. Much of its richness is 
the process through which physicists acquire 
knowledge and those specific “habits of mind” 
that are necessary to practice physics. For 
example, when solving an experimental prob- 
lem, a physicist needs to decide what features 
of the problem are relevant and which features 
can be ignored, how to represent the prob- 
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A screen shot from the “table height” experi- 
ment. The orange ball rolls off the table and falls 
to the ground. The small metal ball on the right is 
attached to a string that is connected to a bar rest- 
ing on the tabletop. The resulting pendulum swings 
back and forth, exhibiting simple harmonic motion. 
The length of the pendulum is roughly the height 
of the table. 


lem in different ways, including mathemati- 
cal expressions, how to use available equip- 
ment to collect necessary data, how to analyze 
the data, and how to evaluate the results (2, 
3). Investigations are subject to the variability 
of experimental conditions and unanticipated 
complications. What if we could guide stu- 
dents so that they can make progress in a short 
amount of class time, yet still be engaged in 
the process of doing physics? 

The Rutgers Physics Teaching Tech- 
nology Resource (http://paer.rutgers.edu/ 
pt3/) engages students from middle school 
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to college in the process of physics. It con- 
tains more than 200 videos of real-life phys- 
ics experiments that students can view and 
analyze as they learn new material, perform 
labs, carry out independent projects, or do 
homework. Videos allow them to see physi- 
cal phenomena in real time and then again in 
slow motion for data collection. The videos 
do not contain tools for quantitative analysis. 
Instead, students need to decide themselves 
what data to collect and how to collect them. 
The goal is to engage students in actions and 
decisions similar to those of real physicists by 
working with simple experiments. 
Physicists observe physical phenom- 


| 


ena, collect data, find patterns in the data, 
and devise multiple explanations or mecha- 
nisms behind the patterns, test those expla- 
nations with more experiments, and apply 
their theories to solve real-world problems 
(4). Although it is a complex and nonlin- 
ear process, its logic can be used in physics 
instruction. A physics learning system called 
Investigative Science Learning Environment 
(ISLE) models this process for the students 
(4). In ISLE, all experiments that students 
encounter can be placed into one of three 
categories according to their roles: observa- 
tional (experiments that are used to generate 
explanations), testing (used to test explana- 
tions), or application (experimental problems 
to solve for which one needs to synthesize 
multiple explanations and/or relations). The 
video Web site follows this scheme, helping 
an instructor form a learning progression that 
mirrors the process of doing physics. 

To learn a new concept, students can start 
with a carefully selected set of observational 
experiment videos. They do not make any 
predictions of their outcomes before view- 
ing but describe what they see or collect 
data. Students then use such representations 
as motion diagrams, force diagrams, and ray 
diagrams to analyze collected data to find 
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The use of videos allows teachers to tame the 
vagaries of experimentation while engaging 
students in the process of physics. 


patterns. If possible, students can then devise 
explanations or mechanisms for these pat- 
terns. Next, students can test their explana- 
tions by using them to predict the outcomes 
of new experiments, through a testing exper- 
iment video (sometimes there are multiple 
testing experiments), with the goal of rul- 
ing out the explanation instead of proving it. 
Finally, students can apply their new knowl- 
edge to solve real-world problems through 
an application experiment video. 

Many application experiments are also 
reprised in a special section titled “Surprising 
data and puzzles.” Each puzzle has a video 
that contains two experiments from which a 
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particular quantity can be determined. Stu- 
dents must reconcile different outcomes by 
analyzing experimental uncertainties and 
theoretical assumptions. For example, one 
puzzle requires students to determine the 
height of a table in two different ways (see 
the first figure). Both experiments use many 
of the advantages afforded by a video for- 
mat—such as the lack of markers, measuring 
instruments, and peripheral technology—and 
few instructions beyond the statement “find 
the height of the table in two different ways.” 
Students have to decide what to measure, 
how to measure it, and what assumptions 
to make, while the camera frame helps con- 
strain their attention and focus on the table, 
the falling ball, and the swinging pendulum. 
Additionally, students can step through the 
video frame by frame to measure how long 
it took for the orange ball to hit the floor and 
the period of the pendulum’s oscillation, as 
both would be difficult to record in real time. 
Finally, having the falling ball and the swing- 
ing pendulum next to each other encourages 
students to compare their two methods. After 
finding that the height results obtained from 
the two experiments are not exactly the same, 
students can identify and estimate sources of 
instrumental uncertainty and then compare 
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the two height results taking those uncertain- 
ties into account. If the two numbers still do 
not match, they may think about sources of 
systematic uncertainty and how they might 
affect calculations. 

“Surprising data” experiments have situ- 
ations whose outcomes are difficult to pre- 
dict correctly if one does not examine aux- 
iliary assumptions. These experiments help 
students understand the role of assumptions 
in physics. For example, a traditional phys- 
ics projectile problem may admonish stu- 
dents to “ignore air resistance.” Correspond- 
ingly, students should predict that a projectile 
launched at 30° would fly the same distance 
as a projectile launched at the same speed at 
60°. However, in one of our testing experi- 
ment videos in the “surprising data” section, 
a projectile launched at 60° falls roughly 8 cm 
shorter than the distance traveled by the same 
projectile launched at the same speed at 30°. 
Students need to decide if this is just random 
variation, or if air resistance has a different 
effect on the two projectiles despite student’s 
calculations suggesting that both projectiles 
should fly the same distance. 
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To help instructors, the Web site explains 
how to use the videos, describes the underly- 
ing teaching philosophy, and provides exam- 
ples of how students can work with the vid- 
eos. All videos work with any curriculum 
and with any textbook and are supported by 
questions, all of which allow students to work 
independently at their own pace. In addition, 
there is a teacher component only available 
for registered teachers (registration is free) 
and invisible for the students. These pages 
explain why a particular experiment is impor- 
tant, how to analyze data, and so forth. 

The Rutgers Physics Teaching Technol- 
ogy Resource receives feedback from active 
users, which helps illustrate the variety of 
ways in which the videos can be adapted 
and used in different instructional settings. 
A high school teacher from Nebraska uses 
some of the videos as an introductory dem- 
onstration to stimulate a discussion. For 
example, the video titled “David Hits a Ball 
so That It Travels in a Circle” leads to a dis- 
cussion on what type of force is necessary to 
achieve circular motion, whereas the “Euge- 
nia on Rollerblades” video usually results in 
students bringing in their Roll- 
erblades to do a demonstration 
for the class. The videos also 
support struggling students and 
those who have missed a labora- 
tory session. 

A professor at the Physics 
Department at Oregon State 
University uses the videos for 
an in-class demonstration (see 
the second figure). Students 
record data directly from the 
videos, providing “buy-in” that 

they are investigating real sci- 
entific phenomena. These eas- 
ily implemented videos lay the 
groundwork for student-gen- 
erated explanations of phys- 
ics laws. 

A professor in the Depart- 
ment of Biology and Physics 
at Kennesaw State Univer- 

sity uses the videos for assess- 
ment. For example, when a 
wand is rubbed with fur, it ini- 
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A series of screen shots of E. Etkina on in-line 
skates being pulled by D. Brookes. Students are 
asked to observe Eugenia’s motion, draw a motion 
diagram, and decide if she is moving at a constant 
rate or at an increasing rate. 


tially attracts a pith ball toward it. However, 
when the two touch, the pith ball is suddenly 
repelled. After watching this video, students 
need to explain what happened using previ- 
ously learned physics concepts. Students first 
talk to their neighbors before discussing the 
video as a class. Many students comment 
that the videos make things clearer and bring 
everything together. 

Those who prepare teachers have com- 
mented that the Web site allows them to share 
many experiments regardless of the amount 
of equipment available at schools. In districts 
with limited funds, videos become great free 
resources. In addition, electrostatics experi- 
ments help students observe phenomena 
when the weather is not cooperating. 

In summary, the Web site allows access to 
a rich experimental environment free of cost 
and safety concerns. It helps students engage 
in practices similar to those of scientists 
where they have to make decisions on data 
collection and analysis and want to explore 
phenomena in slow motion. It simplifies 
some of the distracting complexity of real- 
world experimentation. It can be used to help 
students of all ages learn physics in a way that 
reflects the process of doing physics. 
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AAASNEWS&NOTES 


SCIENCE CAREERS 


Obstacles for Women Scientists 
Could Slow Global Innovation 


SAN JUAN, PUERTO RICO—Women scientists 
and students are still confronted by a “chilly” 
climate at many U.S. universities, and unless 
conditions improve, their departure from sci- 
ence and technology fields could hinder the 
nation’s strength in a competitive global econ- 
omy, said AAAS President Alice S. Huang. 

Speaking at the AAAS Caribbean Divi- 
sion’s 25th annual conference, the accom- 
plished virologist and educator said it is 
imperative that the United States identify 
and support science talent wherever it is 
found. And she urged universities and col- 
leges to lead those efforts. 

“We’ve actually had marvelous changes 
in society in the past 20 years or so,” Huang 
told the audience at the 25 September talk. 
“There has been much more acceptance of 
women.... But there is still a great deal that 
needs to be done. We’re not there yet—and 
we’re losing out on a lot of individuals who 
could contribute.” 

Huang’s talk was one of several recent 
AAAS reports and events—including one 
on Capitol Hill—to explore the challenges 
faced by women in science, engineering, and 
technology fields. While women still report 
problems ranging from overt bias to a lack of 


AAAS Council Reminder 


The next meeting of the AAAS Council will take 
place during the AAAS Annual Meeting and will 
begin at 9 a.m. on 20 February 2011, in Wash- 
ington, D.C., in the Congressional A&B Ball- 
rooms of the Renaissance Hotel. 

Individuals or organizations wishing to pre- 
sent proposals or resolutions for possible con- 
sideration by the council should submit them in 
written form to AAAS Chief Executive Officer Alan 
|. Leshner by 26 November 2010. This will allow 
time for them to be considered by the Committee 
on Council Affairs at its winter meeting. 

Items should be consistent with AAAS’s objec- 
tives and be appropriate for consideration by the 
council. Resolutions should be in the traditional 
format, beginning with “Whereas” statements 
and ending with “Therefore be it resolved.” 


Campus challenge. AAAS President Alice $. Huang 


urged more systematic support for women in 
science and engineering. 


social support, there is an increasing recogni- 
tion that they must be crucial players in the 
global drive for innovation. 

A new survey of more than 1000 research- 
ers, commissioned by AAAS/Science for 
LOreal USA (see www.aaas.org/go/loreal) 
found that more than half of the women who 
responded said they had experienced gender 
bias. More than half cited difficulties with 
child care as a major career barrier. 

“We need to be more imaginative about 
how one can have a successful career in sci- 
ence as well as a life,’ said Shirley Malcom, 


Late proposals or resolutions delivered to 
the AAAS Chief Executive Officer in advance of 
the February 2011 open hearing of the Com- 
mittee on Council Affairs will be considered, 
provided that they deal with urgent matters 
and are accompanied by a written explanation 
of why they were not submitted by the Novem- 
ber deadline. The Committee on Council Affairs 
will hold its open hearing at 2:30 p.m. on 19 
February 2011 in Room 147A of the Walter E. 
Washington Convention Center. Summaries of 
the council meeting agenda will be available 
during the Annual Meeting at the AAAS infor- 
mation desk and in the AAAS headquarters 
office in the Convention Center. A copy of the 
full agenda will be available for inspection in 
the headquarters office. 
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director of Education and Human Resources 
at AAAS. “It will be necessary to reorient the 
expectations so that women scientists face 
fewer hurdles and can play on a level field 
with their male counterparts.” 

Support for women scientists has taken on 
new prominence as policy-makers promote 
innovation and technology development as 
economic necessities. Unless the United 
States can tap into the skill and experience 
of women and underrepresented minori- 
ties, Huang said, the nation may become less 
competitive. 

Huang advised women to seek out men- 
tors, join professional associations, and pro- 
mote their own work. The AAAS survey 
found that women are lacking such support: 
Nearly one-third lacked career role models, 
and a quarter of the women said teachers and 
advisors could have helped them overcome 
career obstacles, compared to 14% of the 
men surveyed. 

To remedy these deficits, policy-makers 
and employers are searching for new ways 
to support women scientists and engineers, 
speakers said at a 23 September Capitol Hill 
panel discussion of the survey. U.S. Repre- 
sentative Eddie Bernice Johnson (D—TX), 
who delivered opening remarks, has intro- 
duced legislation to promote gender parity 
among university faculty in science, technol- 
ogy, engineering, and mathematics fields. 

“We need to keep the attention on get- 
ting rid of those barriers as much as we can,” 
Johnson said. 

Programs to remove career barriers for 
women scientists and engineers globally are 
the focus of renewed attention and funding by 
the U.S. State Department, the World Bank, 
and an array of other development agencies, 
speakers said at a regional meeting of the 
International Network of Women Engineers 
and Scientists (INWES). The meeting, held 
25 to 26 August and hosted by Education and 
Human Resources and the AAAS Interna- 
tional Office, featured scientists, educators, 
and policy experts from 11 nations. 

Many of Joshua Mandell’s clients at the 
World Bank “have expressed a demand” 
for science and technology programs that 
include a significant role for women, the pro- 
gram officer noted at the meeting, because 
the programs “can have strong impacts on 
economic growth.” 

—Edward W. Lempinen, Ginger Pinholster, 
Tina Adler, and Becky Ham 
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ELECTIONS 
AAAS Annual Election: 
Preliminary Announcement 


The 2010 AAAS election of officers will be held in 
November. All members will receive a ballot for 
election of the president-elect, members of the 
Board of Directors, and members of the Commit- 
tee on Nominations. Members will receive ballots 
for elections for each section they are enrolled in. 

Additional names may be placed in nomination 
by petition submitted to the Chief Executive Offi- 
cer no later than 12 November. Petitions for presi- 
dent- elect, the Board, or Committee on Nomina- 
tions must be signed by at least 100 Association 
members; petitions for any section office must be 
signed by at least 50 section members. Petitions 
must be accompanied by the nominee's C.V. and 
statement of acceptance of nomination. Biograph- 
ical information for the candidates will arrive with 
ballots mailed in November. 


Slate of Candidates 

GENERAL ELECTION 

President: William H. Press, Univ. of Texas, Austin; 
Linda P. B. Katehi, Univ. of California, Davis 
Board of Directors: Raymond L. Orbach, Univ. of 
Texas, Austin; Inder M. Verma, Salk Institute for 
Biological Studies; Cynthia M. Beall, Case West- 
ern Reserve Univ.; Priscilla P. Nelson, New Jersey 
Institute of Technology 

Committee on Nominations: Rosina M. Bierbaum, 
Univ. of Michigan; Wayne Clough, Smithsonian 
Institution; Francisco J. Ayala, Univ. of California, 
Irvine; John E. Burris, Burroughs Wellcome Fund; 
May R. Berenbaum, Univ. of Illinois, Urbana- 
Champaign; Thomas D. Pollard, Yale Univ. Jo Han- 
delsman, Yale Univ.; Roger Beachy, U.S. Depart- 
ment of Agriculture 


SECTION ELECTIONS 

Agriculture, Food, and Renewable 
Resources 

Chair Elect: Deborah Delmer, Univ. of California, 
Davis; Donald R. Ort, Univ. of Illinois, Urbana- 
Champaign 

Member-at-Large of the Section Committee: 
Cynthia Rosenzweig, NASA Goddard Institute for 
Space Studies; Rodney A. Hill, Univ. of Idaho 
Electorate Nominating Committee: Leon V. 
Kochian, USDA-ARS Robert W. Holley Center for 
Agriculture & Health; Peter R. Grace, Queensland 
Univ. of Technology, Australia; Richard T. Sayre, 
Donald Danforth Plant Science Center; Harry J. 
Klee, Univ. of Florida 


Anthropology 

Chair Elect: John H. Relethford, SUNY-Oneonta; 
Leslie C. Aiello, Wenner-Gren Foundation for 
Anthropological Research 

Member-at-Large of the Section Committee: 
Susan Anton, New York Univ.; George R. Milner, 
Pennsylvania State Univ. 


Electorate Nominating Committee: Lynnette 
Leidy Sievert, Univ. of Massachusetts, Amherst; 
Arlen F. Chase, Univ. of Central Florida; Daniel E. 
Brown, Univ. of Hawaii; Dawnie Wolfe Steadman, 
Binghamton Univ. 


Astronomy 

Chair Elect: Charles Alcock, Harvard-Smithsonian 
Center for Astrophysics; Jean L. Turner, Univ. of 
California, Los Angeles 

Member-at-Large of the Section Committee: Chris 
Impey, Univ. of Arizona; Amy J. Barger, Univ. of 
Wisconsin, Madison 

Electorate Nominating Committee: Eileen D. 
Friel, Boston Univ.; Scott J. Kenyon, Smithsonian 
Astrophysical Observatory; Elizabeth Barton, 
Univ. of California, Irvine; Heidi B. Hammel, 
Space Science Institute 


Atmospheric and Hydrospheric Sciences 
Chair Elect: Susan K. Avery, Woods Hole Oceano- 
graphic Institution; Thomas E. Graedel, Yale Univ. 
Member-at-Large of the Section Committee: 
Michael E. Mann, Pennsylvania State Univ.; 
Sally A. McFarlane, Pacific Northwest National 
Laboratory 

Electorate Nominating Committee: Ronald G. 
Prinn, Massachusetts Institute of Technology; 
James R. Luyten, King Abdullah University of Sci- 
ence & Technology; Randall M. Dole, National 
Oceanic and Atmospheric Administration; L. Ruby 
Leung, Pacific Northwest National Laboratory 
Council Delegate: Anthony J. Broccoli, Rutgers 
Univ.; Nominee to be announced 


Biological Sciences 

Chair Elect: Michael Lynch, Indiana Univ.; Gary 
Felsenfeld, National Institute of Diabetes and 
Digestive and Kidney Diseases/NIH 
Member-at-Large of the Section Committee: Nancy 
J. Cox, Univ. of Chicago; Charles F. (Chip) Aquadro, 
Cornell Univ. 

Electorate Nominating Committee: Jay A. Tischfield, 
Rutgers Univ.; Deborah E. Goldberg, Univ. of Mich- 
igan; Anna Marie Skalka, Fox Chase Cancer Center; 
Charles D. Laird, Univ. of Washington 


Chemistry 

Chair Elect: Alison Butler, Univ. of California, 
Santa Barbara; Bruce C. Garrett, Pacific North- 
west National Laboratory 

Member-at-Large of the Section Committee: 
Joseph A. (Joe) Gardella, Univ. at Buffalo; Bruce 
A. Parkinson, Univ. of Wyoming 

Electorate Nominating Committee: Debra Roli- 
son, Naval Research Laboratory; Peter C. Ford, 
Univ. of California, Santa Barbara; Robin L. Gar- 
rell, Univ. of California, Los Angeles; Hilary A. 
Godwin, Univ. of California, Los Angeles 


Dentistry and Oral Health Sciences 

Chair Elect: Floyd E. Dewhirst, Harvard School of 
Dental Medicine, The Forsyth Institute; Barbara 
D. Boyan, Georgia Institute of Technology 


Member-at-Large of the Section Committee: Janet 
Moradian-Oldak, Univ. of Southern California 
School of Dentistry; Susan Kinder Haake, Univ. of 
California, Los Angeles School of Dentistry 
Electorate Nominating Committee: Gill Diamond, 
Univ. of Medicine and Dentistry of New Jersey; 
Susan Reisine, Univ. of Connecticut School of 
Dental Medicine; Bjorn Steffensen, Univ. of Texas 
Health Science Center at San Antonio; David K. 
Ann, City of Hope Hospital, Univ. of Southern 
California 

Council Delegate: Maria Emanuel Ryan, Stony 
Brook Univ.; Jacques E. Nor, Univ. of Michigan 


Education 

Chair Elect: Judith A. Ramaley, Winona State Univ.; 
John R. Jungck, Beloit College 

Member-at-Large of the Section Committee: 
Susan Rundell Singer, Carleton College; Robert L. 
DeHaan, Emory Univ. 

Electorate Nominating Committee: Min Li, Univ. 
of Washington; Anne E. Egger, Stanford Univ.; 
Troy M. Livingston, Museum of Life and Science, 
Durham, NC; Gerald R. Van Hecke, Harvey Mudd 
College 

Council Delegate: Arthur Eisenkraft, Univ. of Mas- 
sachusetts, Boston; Larry Bell, Museum of Science 


Engineering 

Chair Elect: John L. Anderson, Illinois Institute 
of Technology; Nicholas A. Peppas, Univ. of 
Texas, Austin 

Member-at-Large of the Section Committee: 
J. Gary Eden, Univ. of Illinois, Urbana-Champaign; 
Tomas Diaz de la Rubia, Lawrence Livermore 
National Laboratory 

Electorate Nominating Committee: John L. Hud- 
son, Univ. of Virginia; Sarah A. Rajala, Mississippi 
State Univ.; William E. Bentley, Univ. of Mary- 
land, College Park; Margaret Murnane, Univ. of 
Colorado, Boulder 


General Interest in Science and Engineering 
Chair Elect: Sharon Dunwoody, Univ. of Wiscon- 
sin, Madison; Lynn Timpani Friedmann, Fried- 
mann Communications 

Member-at-Large of the Section Committee: 
Chase Huntley, The Wilderness Society; Katarina 
Nordqvist, Nobel Museum 

Electorate Nominating Committee: Kathleen M.B. 
Boomer, Smithsonian Environmental Research 
Center, Edgewater, MD; Kathryn E. Perez, Univ. 
of Wisconsin, La Crosse; Mary K. Miller, Explor- 
atorium, San Francisco; Steve Miller, Freelance 
Science Writer 

Council Delegate: Assad Panah, Univ. of Pitts- 
burgh, Bradford; JoAnn M. Valenti, Brigham 
Young Univ. 


Geology and Geography 

Chair Elect: Glen M. MacDonald, Univ. of 
California, Los Angeles; Kenneth Nealson, Univ. 
of Southern California 
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Member-at-Large of the Section Committee: 
Ronald F. Abler, International Geographical 
Union; Paul H. Glaser, Univ. of Minnesota 
Electorate Nominating Committee: Robert 
K. Peet, Univ. of North Carolina, Chapel Hill; 
Patrick J. Bartlein, Univ. of Oregon; Ester Sztein, 
National Academy of Sciences; Kenneth P. 
Kodama, Lehigh Univ. 


History and Philosophy of Science 

Chair Elect: Joseph E. Pitt, Virginia Polytech- 
nic Institute and State Univ.; Jed Z. Buchwald, 
California Institute of Technology 
Member-at-Large of the Section Committee: 
Anne-Marie Carroll Mazza, The National Acade- 
mies; Sandra D. Mitchell, Univ. of Pittsburgh 
Electorate Nominating Committee: Jason Scott 
Robert, Arizona State Univ.; Hanne Andersen, 
Aarhus Univ., Denmark; Carl Mitcham, Colo- 
rado School of Mines; Alan E. Shapiro, Univ. of 
Minnesota 


Industrial Science and Technology 

Chair Elect: Cammy R. Abernathy, Univ. of Flor- 
ida; Gary E. Marchant, Arizona State Univ. 
Member-at-Large of the Section Commit- 
tee: Daniel J.C. Herr, Semiconductor Research 
Corporation; Francois Coallier, Ecole de Technol- 
ogie Supérieure, Canada 

Electorate Nominating Committee: Wen-li Wu, 
National Institute of Standards and Technology; 
Gordon D. Jarvinen, Los Alamos National Labo- 
ratory; Derek Hook, Univ. of Minnesota; Richard 
Broglie, Pioneer/DuPont 


Information, Computing, and 
Communication 

Chair Elect: Tony Hey, Microsoft Research; Fran- 
cine Berman, Rensselaer Polytechnic Institute 
Member-at-Large of the Section Committee: 
Christine L. Borgman, Univ. of California, Los 
Angeles; Eric S. Roberts, Stanford Univ. 
Electorate Nominating Committee: Christopher 
R. Johnson, Univ. of Utah; Eugene H. Spafford, 
Purdue Univ.; W. Richards (Rick) Adrion, Univ. 
of Massachusetts, Amherst; Barbara Simons, 
Retired, IBM Research 

Council Delegate: Julia Gelfand, Univ. of Califor- 
nia, Irvine; Michael R. Nelson, Georgetown Univ. 


Linguistics and Language Science 

Chair Elect: Joseph E. Aoun, Northeastern Univ.; 
John A. Goldsmith, Univ. of Chicago 
Member-at-Large of the Section Committee: 
Claire Bowern, Yale Univ.; Joan A. Sereno, Univ. 
of Kansas 

Electorate Nominating Committee: Hans Henrich 
Hock, Univ. of Illinois; Maria Polinsky, Harvard 
Univ.; Jonathan David Bobaljik, Univ. of Connect- 
icut; Karen Emmorey, San Diego State Univ. 
Council Delegate: D. Terence Langendoen, 
National Science Foundation; Brian D. Joseph, 
Ohio State Univ. 


Mathematics 

Chair Elect: Philippe Tondeur, Univ. of Illinois, 
Urbana-Champaign; Jill P. Mesirov, Broad Insti- 
tute of MIT and Harvard 

Member-at-Large of the Section Committee: 
Joceline Lega, Univ. of Arizona; Reinhard Lauben- 
bacher, Virginia Polytechnic Institute and State 
Univ. 

Electorate Nominating Committee: Linda Pet- 
zold, Univ. of California, Santa Barbara; Robert 
E. Megginson, Univ. of Michigan; James Crowley, 
Society for Industrial and Applied Mathematics; 
William Yslas Vélez, Univ. of Arizona 


Medical Sciences 

Chair Elect: Nancy H. Ruddle, Yale Univ. School 
of Medicine; Ann M. Arvin, Stanford Univ. School 
of Medicine 

Member-at-Large of the Section Committee: 
Arturo Casadevall, Albert Einstein College of 
Medicine; Rafi Ahmed, Emory Univ. School of 
Medicine 

Electorate Nominating Committee: Jonathan 
D. Gitlin, Vanderbilt Univ. School of Medicine; 
Douglas D. Richman, Univ. of California, San 
Diego; Guy A. Zimmerman, Univ. of Utah School 
of Medicine; Richard Ransohoff, Cleveland Clinic 
Foundation 


Neuroscience 

Chair Elect: Ted M. Dawson, Johns Hopkins School 
of Medicine; David M. Holtzman, Washington 
Univ. St. Louis 

Member-at-Large of the Section Committee: Amita 
Sehgal, Univ. of Pennsylvania School of Medicine; 
Yehuda Ben-Shahar, Washington Univ. St. Louis 
Electorate Nominating Committee: Jeanne M. Ner- 
bonne, Washington Univ. St. Louis School of Medi- 
cine; Joe Henry Steinbach, Washington Univ. St. 
Louis; Karen Hsiao Ashe, Univ. of Minnesota; John 
Huguenard, Stanford Univ. School of Medicine 


Pharmaceutical Science 

Chair Elect: Sidney D. Nelson, Univ. of Washing- 
ton; Alice M. Clark, Univ. of Mississippi 
Member-at-Large of the Section Committee: John 
R. Cashman, Human BioMolecular Research Insti- 
tute; Charles D. Smith, Medical Univ. of South 
Carolina 

Electorate Nominating Committee: Murali 
Ramanathan, Univ. of Buffalo; Maria Croyle, 
Univ. of Texas, Austin; Salomon A. Stavchansky, 
Univ. of Texas, Austin; Barbara E. Hayes, Texas 
Southern Univ. 

Council Delegate: Jeanette M. Roberts, Univ. of 
Wisconsin, Madison; Courtney V. Fletcher, Univ. 
of Nebraska Medical Center 


Physics 

Chair Elect: Lynn A. Boatner, Oak Ridge National 
Laboratory; Allen Goldman, Univ. of Minnesota 
Member-at-Large of the Section Committee: 
Megan Donahue, Michigan State Univ.; Edmund 


Bertschinger, Massachusetts Institute of 
Technology 

Electorate Nominating Committee: David K. Camp- 
bell, Boston Univ.; Malcolm R. Beasley, Stanford 
Univ.; Harold C. Craighead, Cornell Univ.; Roberto 
Peccei, Univ. of California, Los Angeles 


Psychology 

Chair Elect: Richard J. Davidson, Univ. of 
Wisconsin, Madison; Emanuel Donchin, Univ. of 
South Florida 

Member-at-Large of the Section Committee: Jan- 
ice K. Kiecolt-Glaser, Ohio State Univ. College of 
Medicine; Niels Birbaumer, Univ. of Tubingen, 
Germany 

Electorate Nominating Committee: Hill Goldsmith, 
Univ. of Wisconsin, Madison; Nora S. Newcombe, 
Temple Univ.; Michael Rugg, Univ. of California, 
Irvine; William G. lacono, Univ. of Minnesota 


Social, Economic, and Political Sciences 
Chair Elect: Henry E. Brady, Univ. of Califor- 
nia, Berkeley; Craig Calhoun, Social Science 
Research Council 

Member-at-Large of the Section Committee: Julia 
Lane, National Science Foundation; David L. Feath- 
erman, Univ. of Michigan 

Electorate Nominating Committee: Cecilia L. Ridge- 
way, Stanford Univ.; Robert A. Pollak, Washington 
Univ. St. Louis; Peter J. Burke, Univ. of California, 
Riverside; Wendy Baldwin, Population Council 


Societal Impacts of Science and Engineering 
Chair Elect: Peter D. Blair, National Academy of 
Sciences; William Bonvillian, Massachusetts Insti- 
tute of Technology 

Member-at-Large of the Section Committee: 
Mahmud Farooque, Consortium for Science, Pol- 
icy & Outcomes; Anne Fitzpatrick, U.S. Dept. of 
Energy 

Electorate Nominating Committee: Robert Margo- 
lis, National Renewable Energy Laboratory; Chris- 
topher Hill, George Mason Univ.; Jay Gulledge, 
Pew Center on Global Climate Change; Dena 
Plemmons, Univ. of California, San Diego 
Council Delegate: Michael Imperiale, Univ. of 
Michigan; Additional nominee to be announced 


Statistics 

Chair Elect: James Berger, Duke Univ.; Mitchell H. 
Gail, National Cancer Institute/NIH 
Member-at-Large of the Section Committee: James 
L. Rosenberger, Pennsylvania State Univ.; Alan F. 
Karr, National Institute of Statistical Sciences 
Electorate Nominating Committee: Larry Wasser- 
man, Carnegie Mellon Univ.; Emery N. Brown, Mas- 
sachusetts Institute of Technology, Harvard Medi- 
cal School; Xuming He, Univ. of Illinois, Urbana- 
Champaign; Charmain Dean, Simon Fraser Univ., 
Canada 

Council Delegate: John Lehoczky, Carnegie Mellon 
Univ.; Paul P. Biemer, Research Triangle Institute 
International 


www.sciencemag.org SCIENCE VOL330 29 OCTOBER 2010 


Published by AAAS 


609 


Downloaded from www.sciencemag.org on October 28, 2010 


CREDIT: C. BICKEL/SCIENCE 


INTRODUCTION 


THE CELLS IN A MULTICELLULAR ORGANISM HAVE NOMINALLY IDENTICAL DNA 
sequences (and therefore the same genetic instruction sets), yet maintain dif- 
ferent terminal phenotypes. This nongenetic cellular memory, which records 
developmental and environmental cues (and alternative cell states in unicellular 
organisms), is the basis of epi-(above)—genetics. 

The lack of identified genetic determinants that fully explain the heritability 
of complex traits, and the inability to pinpoint causative genetic effects in some 
complex diseases, suggest possible epigenetic explanations for this missing infor- 
mation. This growing interest, along with the desire to understand the “depro- 
gramming” of differentiated cells into pluripotent/totipotent states, has led to 
“epigenetic” becoming shorthand for many regulatory systems involving DNA 
methylation, histone modification, nucleosome location, or noncoding RNA. This 
is to be encouraged, but the labeling of nongenetic systems as epigenetic by default 
has the potential to confuse (see the related video at www.sciencemag.org/special/ 
epigenetics/). 

So what is epigenetics? An epigenetic system should be heritable, self-perpet- 
uating, and reversible (Bonasio et al., p. 612). Whether histone modifications (and 
many noncoding RNAs) are epigenetic is debated; it is likely that relatively few 
of these modifications or RNAs will be self-perpetuating and inherited. Looking 
beyond DNA-associated molecules, prions (infectious proteins) are clearly epi- 
genetic, perpetuating themselves through altered folding states. These states can 
act as sensors of environmental stress and, through the phenotypic changes they 
promote, potentially drive evolution (Halfmann and Lindquist, p. 629). 

Some metazoans undergo genome-wide reprogramming of DNA methyla- 
tion and histone modifications during gametogenesis and embryogenesis (Feng 
et al., p. 622), which may suppress the activity of potentially deleterious DNA 
sequences. Furthermore, the activity of various populations of small noncoding 
RNAs (Bourc’his and Voinnet, p. 617) probably act as tags for these deleterious 
sequences. These small RNAs may also be involved in assessing parental compat- 
ibility at fertilization. Similar RNAs are likely to be important determinants in 
paramutation, where homologous DNA sequences communicate in trans to estab- 
lish heritable expression states (Chandler, p. 628). Reprogramming is also critical 
for developmental phenomena such as imprinting in both plants and mammals, as 
well as for cell differentiation, and is linked to the establishment of pluripotency 
in gametes and zygotes. 

A News Focus story by Kaiser (p. 576) examines efforts to treat cancer patients 
with drugs that reverse the abnormal epigenetic patterns found in tumors, and a 
paper in Science Translational Medicine* describes the use of epigenetic mark- 
ers to predict which liver cancer patients will respond to an anticancer drug that 
blocks DNA methylation. Papers in Science Signaling discuss signaling path- 
ways that alter epigenetic patterning, posttranscriptional regulation of signal- 
ing molecules by microRNAs, and transcriptional networks. Articles on Science 
Careers trace careers embracing a translational approach to epigenetics. 

— GUY RIDDIHOUGH AND LAURA M. ZAHN 


*). B. Andersen et al., Sci. Transl. Med. 2, 54ra77 (2010). 
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REVIEW 


Molecular Signals of Epigenetic States 


Roberto Bonasio,* Shengjiang Tu,* Danny Reinbergt 


Epigenetic signals are responsible for the establishment, maintenance, and reversal of metastable 
transcriptional states that are fundamental for the cell’s ability to “remember” past events, such as 
changes in the external environment or developmental cues. Complex epigenetic states are 
orchestrated by several converging and reinforcing signals, including transcription factors, 
noncoding RNAs, DNA methylation, and histone modifications. Although all of these pathways 
modulate transcription from chromatin in vivo, the mechanisms by which epigenetic information is 
transmitted through cell division remain unclear. Because epigenetic states are metastable and 
change in response to the appropriate signals, a deeper understanding of their molecular 
framework will allow us to tackle the dysregulation of epigenetics in disease. 


daptation to environmental changes and 
A& specialization in multicellular orga- 

nisms require a complex orchestration of 
the transcriptional output of the genome. From 
the simplest prokaryote to the most sophisticated 
human neuron, cells have evolved forms of mo- 
lecular memory of past stimuli that can often be 
transmitted through cell division. The mainte- 
nance of cell identity in multicellular organisms 
constitutes a classic example of such inheritable 
cellular memory: Starting from the same zygotic 
genome, subsets of progeny cells become en- 
gaged in distinct programs of gene expression 
that dictate their developmental trajectory and 
specific functions. Typically, cell identities are 
maintained for a lifetime, even when the dif- 
ferentiation signal was experienced only once, 
during embryonic development (/). This is no 
trivial achievement, as a complex pattern of gene 
expression must be faithfully transmitted to each 
progeny cell upon division. 

We use the term epigenetics to classify those 
processes that ensure the inheritance of variation 
(“-genetic”) above and beyond (“epi-”) changes 
in the DNA sequence (Box 1). Unlike genetic 
alleles, epi-alleles do not differ in their DNA 
sequence; the epigenetic information resides in 
self-propagating molecular signatures that pro- 
vide a memory of previously experienced stimu- 
li, without irreversible changes in the genetic 
information. The nature of these molecular sig- 
natures and the manner by which they initiate, 
maintain, and reverse epigenetic states is the 
subject of this Review. 


Epigenetic Signals in cis and trans 


As long as a transcriptional response is self- 
sustaining in the absence of the originating 
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stimulus, it can be categorized as epigenetic. 
This can be achieved by self-propagating, trans- 
acting mechanisms or by cis-acting molecular 
signatures physically associated with the DNA 
sequence that they regulate (Fig. 1). 
Self-propagating transcriptional states that 
are maintained through feedback loops and net- 
works of transcription factors (TFs) (2) are the 
most common type of trans epigenetic states 
(Fig. 1A). These are often the system of choice 
for cellular memory in simple organisms, such 
as prokaryotes and single-cell eukaryotes. If a 
TF activates its own transcription (or represses 
antagonistic networks), it yields an epigenetic 


state that is self-sustaining after the originating 
stimulus is removed. After each cell division, 
inherited TFs resume their trans function on regu- 
latory DNA sequences. Some small RNAs (SRNAs) 
can also act as trans epigenetic signals (3-5). 

In contrast, cis epigenetic signals are physi- 
cally associated and inherited along with the 
chromosome on which they act (Fig. 1B)—for 
example, as a covalent modification of the DNA 
itself, such as DNA methylation, or as changes in 
histones, which constitute the protein backbone 
of chromatin. Histones can carry information in 
their primary sequence (histone variants), in post- 
translational modifications often present on their 
N- and C-terminal tails, or in their position (re- 
modeling) relative to the DNA sequence (6-8). 
Cis epigenetic information might also be encoded 
in chromatin through stable association of non- 
histone proteins, higher-order chromatin structure, 
and nuclear localization. 

It is often difficult to distinguish experimen- 
tally between trans and cis epigenetic signals. For 
example, initial observations implicated SWI/SNF 
chromatin remodelers in transcriptional memory 
at the Saccharomyces cerevisiae GAL1 locus (9), 
but cell-fusion experiments rigorously demon- 
strated that the site of memory was the cytosol 
(/0), a case of trans epigenetics. However, if two 
identical DNA sequences are differentially regu- 
lated in the same nucleus, cis epigenetic mecha- 
nisms must be responsible. This is observed for 
mono-allelic gene expression in diploid cells, 
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Fig. 1. Cis and trans epigenetic signals. (A) Trans epigenetic signals (yellow circles) are transmitted by 
partitioning of the cytosol during cell division and maintained by feedback loops. As an example, a simple 
regulatory loop in which the epigenetic signal induces its own expression is shown here. (B) Cis signals 
(yellow flags) are molecular signatures physically associated with the DNA and inherited via chromosome 


segregation during cell division. 


29 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on October 28, 2010 


Box 1. Epigenetics, What's in a Name? 


The term “epigenetics” was coined by C. H. Waddington in the 1940s, fusing the word “genetics” 
with “epigenesis,” the latter indicating the theory by which the adult form develops from the embryo 
through gradual steps, as opposed to being fully pre-formed in the zygote. Waddington intended to 
found a discipline to study the genetic control of developmental processes, merging the fields of 
embryology and genetics (82). More than a decade later, D. L. Nanney defined “epigenetic systems” as 
“auxiliary mechanisms ... involved in determining which specificities [genes] are to be expressed in 
any particular cell.” Nanney also warned that “[clellular memory is not an absolute attribute” and that 
using inheritance to define epigenetics might undermine the full understanding of the molecular 
pathways involved, which may also stabilize transcription patterns in nondividing cells (83). With the 
discovery of inheritable patterns of DNA methylation, the idea that epigenetic traits were inherited as 
regulatory signals in addition to genetic information quickly took hold, and the definition of 
epigenetics became “the study of mitotically and/or meiotically heritable changes in gene function that 
cannot be explained by changes in DNA sequence” (84). 

The discovery of the regulatory role of histone posttranslational modifications and their correlation 
with transcriptional states promoted a looser use of epigenetics, to mean any molecular signature 
found on chromosomes (especially histone marks) and broadly defined as “the structural adaptation of 
chromosomal regions so as to register, signal or perpetuate altered activity states” (85). At the same 
time, a more narrow definition has been proposed as “a stably heritable phenotype resulting from 
changes in a chromosome without alterations in the DNA sequence” (86). 

Here, we intend epigenetics to signify “the inheritance of variation (-genetics) above and beyond 
(epi-) changes in the DNA sequence.” Rather than altering this basic definition, we prefer to append to 
it appropriate modifiers. The chromosome-dependent definition given in (86) corresponds to what we 
call cis epigenetics, as opposed to self-propagating patterns that operate in trans. We convey the 
distinction between transgenerational inheritance and cellular memory by referring to meiotic versus 
mitotic epigenetics, both cases of vertical epigenetics, as opposed to the RNA-mediated horizontal 


transmission of epigenetic states observed in plants (53). 


imprinting, and X inactivation in mammals, where- 
in large portions of one X chromosome are in- 
heritably silenced while its homolog continues to 
transcribe in the same nucleus (//). In fact, X 
chromosome inactivation involves many putative 
epigenetic signals and provides an excellent exper- 
imental and didactical model to study epigenetics. 

If trans-acting transcriptional memory systems 
were readily available during evolution, why did 
the appearance of multicellularity expand the 
repertoire of cis epigenetic signals? One possibility 
is that trans mechanisms were simply inadequate 
for tackling the increased complexity and number 
of transcriptional networks in a large multicellular 
organism. Epigenetic states that are encoded in cis 
need to be set only once, and many transcriptional 
patterns can be maintained by a relatively small 
number of common molecular pathways, without 
having to deploy trans-acting feedback loops for 
each gene network. 


Establishment 


Most epigenetic states are established by transient- 
ly expressed or transiently activated factors that 
respond to environmental stimuli, developmental 
cues, or internal events (e.g., the reactivation of a 
transposon). These establishment signals converge 
on chromatin to shape the transcriptional land- 
scape and are then converted into cis epigenetic 
signatures. 

TFs orchestrate lineage-specification programs 
and are leading candidates as establishment signals 


(/2). In addition to recruiting factors that modulate 
transcription transiently, TFs also influence cis 
epigenetic states. In Drosophila, TFs encoded by 
the segmentation genes establish cellular fate 
during early embryo development, and, although 
they disappear after only a few hours, cell identities 
are maintained into adulthood by the Polycomb 
group (PcG) of proteins that are associated with 
transcriptional repression, and the trithorax group 
(trxG) of proteins that are associated with tran- 
scriptional activation. Many members of both 
groups possess chromatin-modifying activities (73), 
and, given that Drosophila contains little DNA 
methylation, the PcG/trxG system is likely to be 
directly involved in the transmission (maintenance) 
of epigenetic states. 

It is not clear how the transition from TF- 
driven regulation to a cis epigenetic state takes 
place. One possibility is that TFs directly recruit 
chromatin-modifying enzymes to their genomic 
targets. For example, sequence-specific DNA- 
binding proteins are required for PcG-mediated 
memory in Drosophila and recruit PcG com- 
plexes to regulatory regions called Polycomb re- 
sponse elements (PREs) (/4), but recruitment 
does not always translate into repression of the 
downstream locus (/5), suggesting that PRE local- 
ization of PcG and trxG complexes is necessary 
but not sufficient for the maintenance of transcrip- 
tional memory. Similarly, several TFs physically 
interact with DNA methyltransferases and recruit 
them to target genes (/6). 
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In addition, TFs might establish epigenetic 
states through the process of transcription itself: 
Transcription of Nesp is required for the establish- 
ment of DNA methylation at the imprinted Gnas 
locus downstream, suggesting a cis mechanism 
(/7), and transcription of the noncoding PREs 
induces an inheritable active state (/8). Transcrip- 
tion also guides the deposition of histone post- 
translational modifications, including H3K4me3, 
H3K36me3, H3K79me, and H2BK123ub (/9), 
but these modifications have yet to pass the 
maintenance test for bona fide epigenetic signals 
(see below). 

The transcription process affects chromatin 
structure, but it is often difficult to ascribe this 
effect to the physical passage of RNA polymer- 
ase II (RNAPII) or to the synthesis of noncoding 
RNAs (ncRNAs). Noncoding regions of the ge- 
nome are heavily transcribed, giving rise to a con- 
stellation of ncRNAs that often have regulatory 
functions (20). Although early investigations fo- 
cused on posttranscriptional gene silencing by 
microRNAs and other sRNAs, pioneering work 
in Schizosaccharomyces pombe and Arabidopsis 
thaliana established that sRNAs also affect epi- 
genetic states (3). In particular, plants use sRNAs 
to repress transposable elements and regulate gene 
expression through the process of RNA-dependent 
DNA methylation (2/). Other sRNAs with pro- 
posed effects on cis epigenetic states are PIWI- 
interacting RNAs (piRNAs) (22) and sRNAs that 
bind to (and perhaps mediate the recruitment of) 
PcG proteins (23). Even more classes of sRNAs 
may be involved in chromatin regulation, although 
a functional link has not yet been demonstrated; 
these include promoter- and termini-associated 
RNAs, tiny RNAs, and endo-small interfering 
RNAs (20). 

Small ncRNAs are well suited for a role in 
bridging chromatin modifiers with the genome 
(5), but to fulfill this function they must interact 
in sequence-specific fashion with chromatin. 
We envision three modes of sequence recogni- 
tion: (i) RNA:RNA interactions with nascent tran- 
scripts (Fig. 2A) (3), (ii) RNA:single-stranded 
DNA (ssDNA) heteroduplex (Fig. 2B), and (iii) 
RNA:double-stranded DNA (dsDNA) triplex 
(Fig. 2C) (24). These recognition modes are not 
mutually exclusive: piRNAs guide PIWI to Dro- 
sophila chromatin by both RNA:RNA and RNA: 
DNA interactions (25). Recruitment of chromatin 
modifiers might occur directly or via adaptor 
proteins, as in the case of Stcl, an S. pombe LIM 
domain—containing protein, that bridges Agol 
and its associated sRNAs to the H3K9 methyl- 
transferase complex CLRC (26). 

Long ncRNAs (IncRNAs) may also func- 
tion as establishment signals for epigenetic states 
(27). Because of their size, these molecules can 
fold into complex structures with molecular sur- 
faces dedicated to protein binding, while retain- 
ing the ability to recognize nucleotide sequences 
by base-pair interactions as described above for 
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RNA:ssDNA 


RNA:dsDNA 


Local action 
(cotranscriptional) 


Fig. 2. RNA-directed deposition of epigenetic 
signals. (A to C) Sequence-specific recognition 
models for both sRNAs (shown here) and IncRNAs. 
(A) Interaction of an sRNA with complementary 
sequences on a nascent transcript. (B) Interaction 
of an sRNA with ssDNA to form a heteroduplex. (C) 
Recognition of sequence motifs by sRNA in a closed 
dsDNA duplex. (D and E) Additional recruitment 
models for IncRNAs. (D) A folded IncRNA recognizes 
a DNA sequence via complex surface-mediated 
interactions. (E) A IncRNA acting locally in a 
cotranscriptional fashion by being anchored to 
chromatin by RNAPII. RBP, RNA binding protein; 
A, hypothetical adaptor protein; CMC, chromatin- 
modifying complex. 


sRNAs (28), although their tertiary structure may 
also allow for recognition modes that do not 
involve direct base-pair interactions (Fig. 2D). 
Some IncRNAs, such as HOTAI/R, appear to act 
globally to recruit chromatin modifiers to target 
loci (29). Other IncRNAs act locally and establish 
cis epigenetic states on the genomic region from 
which they are transcribed. This second category 
includes IncRNAs involved in the classic epige- 
netic phenomena of parental imprinting and X 
chromosome inactivation, and their localized effect 
may be explained by two mechanisms: (i) The 5’ 
terminus may fold and interact with chromatin- 
modifying complexes, while the 3’ terminus is still 
tethered to the encoding locus by a transcribing 
RNAPII (Fig. 2E), and (ii) antisense transcription 
of a IncRNA might interfere with transcription 
of a neighboring gene or create double-stranded 
RNA species that are processed locally and es- 
tablish cis epigenetic signal(s) to silence the locus. 


Reinforcement and Spreading 


Cis epigenetic states, such as those presumably 
encoded by histone posttranslational modifica- 
tions and DNA methylation, can be reinforced 
locally or spread to adjacent areas to form larger 
chromatin domains. Feedback loops exist, in 
which enzymes responsible for the installment of 
a histone modification also interact with factors 
that bind to it. Examples of such histone modifier/ 
binder pairs are SUV39H1 and HP1 for H3K9me, 
PR-SET7 and L3MBTL1 for H4K20mel, and 
EZH2 and EED for H3K27me (30-32). The local 
reinforcement may be necessary, because histone 
modifications are not permanent and may be re- 
moved by dedicated enzymes or histone turnover. 

On the other hand, spreading in cis may be 
required to extend the reach of epigenetic reg- 
ulation beyond the confined area in which es- 
tablishment took place. Spreading of chromatin 
domains is the basis of classical epigenetic 
phenomena such as position-effect variegation 
in Drosophila and formation of silent domains in 
S. cerevisiae (11), and it was also observed for 
artificially established H3K27me3 domains in 
human cells (33). 

Epigenetic states can also be reinforced by cross 
talk among histone modifications and DNA meth- 
ylation (34). De novo DNA methyltransferases and 
associated factors bind to unmethylated H3K4 
(35), whereas the H3K4 methyltransferase MLL 
preferentially binds to unmethylated DNA (36), 
providing a molecular explanation for the anti- 
correlation between H3K4me and DNA methyl- 
ation levels (37). H3K9me is a prerequisite for all 
DNA methylation in Neurospora crassa and CHG 
DNA methylation in A. thaliana (38). In mice, the 
H3K9 methyltransferases SUV39H1/2 and EHMT2 
(G9A) can direct de novo DNA methylation to 
certain loci, although the catalytic activity of GOA 
is not always necessary (39-4/). This interplay 
suggests that, when present, DNA methylation 
may serve as a reinforcing signal for preexisting 


but less stable epigenetic signatures such as his- 
tone modifications. 


Transmission 


Three independent criteria should determine 
whether a certain molecular signal is indeed epi- 
genetic: (i) mechanism for propagation; that is, 
pathways that explain how the molecular signa- 
ture is faithfully reproduced after DNA replication/ 
cell division; (i1) evidence of transmission; i.e., 
the demonstration of self-sustaining transmission 
to the progeny; and (iti) effect on gene expres- 
sion; that is, a bona fide epigenetic signal should 
be sufficient to cause a transcriptional outcome 
reminiscent of that caused by the establishing 
stimulus (42). 

DNA methylation satisfies all three require- 
ments: (1) Because of the semiconservative nature 
of DNA replication, a DNA sequence carrying 
symmetrical methylation marks on both strands 
gives rise to two hemi-methylated double strands, 
which can be restored to fully methylated status 
by maintenance methyltransferases (38) (Fig. 3A); 
(ii) in vitro methylated DNA remains methylated 
after several rounds of DNA replication in vivo 
(43); and (ii1) methylation regulates transcription. 

The case for histone posttranslational mod- 
ifications is less clear, and each mark should 
be considered separately. Some modifications 
exhibit strong correlation with transcriptional 
states (7); however, correlation does not imply 
causation, and experimental evidence for the 
epigenetic inheritance of histone modifications 
remains scarce. 

Propagation mechanisms (criterion i) have 
been proposed for several histone modifications 
in the form of the same histone modifier/binder 
interactions involved in signal reinforcement and 
spreading (Fig. 3B). This model assumes that the 
information to re-establish chromatin domains is 
transferred from the parental nucleosomes con- 
taining such modifications to those deposited on 
the two daughter strands. However, it remains 
unclear whether and how parental histones (and 
their associated modifications) are reassembled 
after DNA replication in vivo. Alternatively, do- 
mains of histone modifications could be propa- 
gated via an intermediary (secondary) epigenetic 
signal. This appears to be the case for H3K9me in 
S. pombe heterochromatin, where S-phase-restricted 
transcription of repetitive sequences generates 
sRNAs that direct the re-establishment of H3K9me 
after replication (Fig. 3C) (44). 

Whether histone posttranslational modifica- 
tions are transmitted (criterion 11) remains largely 
unknown. This question can be addressed by 
artificially recruiting a histone modifier to chro- 
matin using the GAL4/upstream activation se- 
quence (UAS) system and then measuring the 
persistence of the resultant histone modification 
through cell division after terminating the expres- 
sion of the histone modifier. The GAL4/UAS 
system can also be used to demonstrate that histone 
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modifications cause (not only cor- 
relate with) a transcriptional re- 
sponse (criterion iit) (37). To date, 
only short-term (4 days) transmis- 
sion of H3K27me3 in cultured 
human cells has been observed 
(33, 45), but doubts remain regard- 
ing incomplete repression of the 
GAL4-fused histone modifier. 
In addition, Polycomb repressive 
complex | remains bound to chro- 
matin (independently of histone 
modifications) during DNA repli- 
cation in vitro (46), and MLL (a 
trxG protein) appears to associate 
with mitotic chromosomes (47), 
suggesting that some chromatin 
modifiers may also function di- 
rectly as cis epigenetic signals. 

Some epigenetic informa- 
tion is transmitted through mei- 
osis and gamete formation in 
multicellular organisms, giving 
rise to transgenerational inheri- 
tance. Many epigenetic signals 
appear capable of meiotic trans- 
mission, including maternally de- 
posited TFs and piRNAs (48), 
RNAs involved in paramutation 
in mice (49), histone modifica- 
tions in sperm chromatin (50), 
and DNA methylation in plants 
(51). 

Finally, epigenetic signals are 
also transmitted from cell to cell 
in a horizontal fashion (5). This 
phenomenon is at the basis of the 
inheritance of RNA interference 
in Caenorhabditis elegans and oc- 
curs in plants, both in the germ 
line and in the soma (52, 53), two 
cases in which sequence informa- 
tion is transmitted across cells to silence transpos- 
able elements. As no genomic DNA is exchanged 
between these cells, the epigenetic information 
must be transmitted in trans. In fact, it takes the 
form of sRNAs that direct DNA methylation of 
genomic sequences, converting a trans epigenetic 
signal into a cis epigenetic state (53). 


Reversal 


Epigenetic regulatory mechanisms are conserva- 
tive in that no information is lost, and, given the 
appropriate signal, an epigenetic state can tran- 
sition to a different one, as exemplified by the 
generation of induced pluripotent stem (iPS) cells 
from mouse embryonic fibroblasts (MEFs) by 
transient overexpression of cocktails of TFs (54). 
Although embryonic stem (ES) cells and MEFs 
have very different gene expression profiles, 
H3K4me and H3K27me distribution, and DNA 
methylation patterns, MEF-derived iPS cells close- 
ly resemble ES cells, both at the transcriptional and 


epigenetic levels (55). These observations not only 
demonstrate the plasticity of epigenetic signals, but 
also confirm the interdependence between cell 
identity and epigenetic states. 

Reversible chromatin changes and antagonism 
between TFs provide the basis for cellular plastic- 
ity. Opposing TF networks reinforced by feedback 
loops direct the specification of hematopoietic and 
embryonic lineages (/2, 56). Histone modification 
profiles are also the result of a delicate balance 
between antagonistic pairs of histone-modifying 
enzymes—for example, histone acetyl-transferases 
versus deacetylases and histone methyl-transferases 
versus demethylases (7). 

Nonetheless, the forced transition between 
two metastable epigenetic states requires a con- 
siderable “activation energy,” as evidenced by 
the poor efficiency of epigenetic reprogramming 
by nuclear transfer or overexpression of pluri- 
potency factors. Cells that fail to fully overcome 
this barrier are trapped in an intermediate state, 
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Fig. 3. Transmission of epigenetic states. (A) Transmission of DNA methylation patterns after DNA replication. (B) 
Hypothetical model for the maintenance of a histone-associated epigenetic signal, using H3K27me3 (yellow flags) as an 
example. H3K27me3 is diluted during DNA replication by the deposition of unmodified octamers. Binding of EED to 
H3K27me3 stimulates the enzymatic activity of EZH2, which places more H3K27me3 marks on neighboring nucleosomes, 
thus restoring a full epigenetic signature on both chromatids (32). (C) Maintenance of a chromatin domain via a secondary 
signal. S-phase transcription of heterochromatic repeats in S. pombe generates sRNA species that recruit chromatin- 
modifying complexes to reestablish heterochromatic signatures at the target loci. 


probably because of a failure in resetting epi- 
genetic signatures (55). For example, improper 
silencing by DNA hypermethylation and his- 
tone hypoacetylation of the imprinted D/k/-Dio3 
cluster correlates with the failure of many iPS cell 
lines to generate chimeras (57). Thus, small- 
molecule inhibitors of histone modifiers and 
DNA methyl-transferases that stimulate repro- 
gramming may do so by facilitating the creation 
of an “epigenetic tabula rasa” (58). 

The most dramatic epigenetic plasticity is ob- 
served during early embryo development and 
germline specification in mammals. At fertiliza- 
tion, the condensed paternal genome is hyper- 
methylated, until a wave of DNA demethylation 
restores it to an active state (59). Notably, some 
imprinted genes are not affected, suggesting that 
they must be marked with a different epigenetic 
signal (60). During development, germ cells un- 
dergo a second wave of DNA methylation (6/), 
possibly in response to environmental cues in the 
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gonads, demonstrating that even the most stable 
epigenetic signal can be reversed by the appro- 
priate stimuli. 

These two cases in which genome-wide DNA 
methylation is rapidly lost likely involve the most 
elusive mode of epigenetic plasticity: DNA de- 
methylation (62). Two mechanisms for DNA 
demethylation appear possible: (i) active demethyl- 
ation through oxidation and (ii) base excision repair 
(BER). Hydroxylation of 5-methylcytosine by TET1- 
3 (63, 64) argues in favor of the first mechanism, 
although the resulting 5-hydroxymethylcytosine 
must be further converted to unmethylated cytosine 
via presently unknown mechanisms. In plants, ge- 
netic evidence supports DNA demethylation via 
BER (65), but the importance of this pathway in 
animals is unclear. Activation-induced deaminase is 
involved in DNA demethylation in mammalian 
cells (66, 67), yet its inability to act on dsDNA (68) 
and the lack of developmental defects in Aid “ 
mice argue against a central role in DNA de- 
methylation and development (69, 70). 

Thus, epigenetic states are stable enough to 
maintain cell identity, but they are also reversible 
enough to allow, when the proper signals are 
delivered, transitions among states. For example, 
the epigenetic plasticity of germ cells allows for 
cell specialization during gamete development, 
while retaining the potential for returning to the 
ground state of totipotency after fertilization. 


Future Directions 


Epigenetic signals have traditionally been studied 
in the context of development and transposon 
control, but we believe that epigenetic mecha- 
nisms will be the crux of many other biological 
processes. For example, brain function and mem- 
ory formation may involve epigenetic signals 
(71, 72). Although most neurons do not divide, 
they are very long-lived and must maintain a 
defined transcriptional state for an extremely long 
time. By our own definition, this phenomenon is 
not truly epigenetic, yet signals that evolved to 
maintain epigenetic states through cell divisions 
might have been co-opted by neurons to stabilize 
transcriptional profiles after the establishing stim- 
ulus has disappeared (72). 

Another area in which a better understanding 
of epigenetic signals may benefit research is that 
of stem cell function. Stem cells divide asym- 
metrically, giving rise to one self-renewing cell 
and one cell committed to differentiate (73). This 
is usually attributed to external cues and asym- 
metric partitioning of trans-acting factors, but 
evidence suggests that chromatids (and any cis 
epigenetic signal they may carry) can also be 
segregated asymmetrically (74). Thus, asym- 
metric partitioning of epigenetic signals may par- 
ticipate in cell-fate decisions, as proposed in the 
“silent sister” hypothesis (75). 

Epigenetics is also likely to affect aging, given 
that epi-mutations, especially in DNA methyla- 
tion, may contribute to the aging phenotype (76). 


Epigenetic transmission is more error prone than 
DNA replication (43) and probably accumulates 
large amounts of inheritable errors over a lifetime. 
Pathways that impinge on chromatin states are 
also implicated in aging (77), but we are far from 
understanding the molecular mechanisms involved 
in this process. 

Conserved molecular machineries manage 
genetic information in all organisms, yet different 
epigenetic signals predominate in different spe- 
cies. For this reason, epigenetic research has been 
conducted on an unusually broad spectrum of mod- 
el organisms. If we had studied only Drosophila, 
we would know little about DNA methylation. 
Extending our studies to additional model orga- 
nisms will undoubtedly be beneficial. Two emerg- 
ing models appear to be very promising: (i) the 
planarian Schmidtea mediterranea, which displays 
incredible epigenetic flexibility in regenerating a 
complete adult from small patches of dissected 
tissue (78), and (ii) social insects, in which a single 
genome gives rise to epigenetically distinct castes 
that display dramatic physiological, morphologi- 
cal, and behavioral differences (79, 80). 
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REVIEW 


A Small-RNA Perspective on 
Gametogenesis, Fertilization, and 
Early Zygotic Development 


Déborah Bourc’his?* and Olivier Voinnet?’>* 


Transient populations of cis- and trans-acting small RNAs have recently emerged as key regulators 
of extensive epigenetic changes taking place during periconception, which encompasses 
gametogenesis, fertilization, and early zygotic development. These small RNAs are not only 
important to maintain genome integrity in the gametes and zygote, but they also actively 
contribute to assessing the compatibility of parental genomes at fertilization and to promoting 
long-term memory of the zygotic epigenetic landscape by affecting chromatin. Striking parallels 
exist in the biogenesis and modus operandi of these molecules among diverse taxa, unraveling 
universal themes of small-RNA—mediated epigenetic reprogramming during sexual reproduction. 


their compatibility at fertilization, and safe- 
guarding the progeny are key stages of sexual 
reproduction during which genome integrity must 
be monitored and preserved from the effects of 
potentially harmful genomic parasites including 
transposons. A major, pan-eukaryotic safeguard 
mechanism during this important time window is 
RNA silencing, whereby 20- to 35-nt-long RNA 
species guide transcriptional (TGS) or posttran- 
scriptional gene silencing (PTGS) of comple- 
mentary DNA or RNA, respectively. Silencing 
small RNAs fall into three categories [reviewed 
in (/)]. Small interfering RNA (siRNA) popula- 
tions are produced from long double-stranded 
RNAs (dsRNAs) arising from converging or over- 
lapping transcription; inverted gene duplication; 
or, in some organisms, through RNA-dependent 
RNA polymerases (RDRs) acting on single-stranded 
RNA. Discrete micro-RNA (miRNA) species, by 
contrast, are excised from stem-loop precursors 
transcribed from genetically defined loci. siRNAs 
and miRNAs accumulate in both soma and germ- 
line, are processed as 20- to 24-nt species by ribo- 
nuclease II-like Dicer enzymes, and are loaded 
into Argonaute (AGO) effector proteins that often 
display endonucleolytic (“slicer”) activity on target 
RNA. A third small-RNA class, about 30 nt long, is 
made up of PIWI-associated RNAs (piRNAs), 
which are mostly germline-specific and Dicer in- 
dependent, and are effected through AGO-like 
PIWI proteins (Fig. 1A). 
This review examines recent evidence support- 
ing central roles for transposon-derived siRNAs 
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and piRNAs during pre- and postzygotic repro- 
duction stages. The amplified nature, noncell au- 
tonomy and trans-targeting capacity of these 
molecules not only allow protection of gametes’ 
genomes (preparation phase) but also might ac- 
tively contribute to assessing parental compatibility 
at fertilization (confrontation phase) in Drosophila, 
Arabidopsis, and ciliates. Remarkably, when they 
are translocated into the nucleus, these small RNAs 
may also guide retrograde mechanisms, which al- 
low chromatin-based reinforcement and potential 
memory of these events in the zygote and devel- 
oping embryo (consolidation phase). We discuss 
further the possible impact of potentially related 
phenomena in mammalian reproduction. 


Preparation 

During preparation, small-RNA~based mechanisms 
monitor and enforce gametic genome integrity, 
which is required for successful fertilization. A 
double-layer piRNA system protects the Drosophila 
female germline against two distinct threats (Fig. 
2A). First, Gypsy-like long terminal repeat (LTR) 
retroviruses proliferating in surrounding, somatic 
follicle cells can infect the oocyte as follicle cells 
feed the growing germline. Follicle cells are able 
to capture de novo integrating transposons (2, 3) 
through genomic clusters epitomized by the 
FLAMENCO locus, whose transcription produces 
antisense, PIW]-bound piRNAs that guide degra- 
dation of complementary Gypsy-like mRNAs 
(Fig. 2A, top). Second, the female germline itself, 
composed of the haploid oocyte and polyploid 
nurse cells, faces the threat of many endogenous 
transposon types. These are silenced through the 
amplified “ping-pong” mechanism initiated in 
piRNA clusters, such as the 42AB locus, which 
display a wider transposon-trapping spectrum 
than FLAMENCO (Fig. 1A and Fig. 2A, bottom) 
(4). Ping-pong piRNAs are likely produced in 
nurse cells and fed to the quiescent meiotic 
oocyte through cytoplasmic bridges; their bio- 
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genesis within the germline-specific “Nuage” 
compartment requires, in addition to PIWI, the 
PIWI-like proteins Ago3 and Aubergine (4). Mu- 
tations in any of these components cause transposon 
mobilization and female sterility. Comparatively, 
maintenance of gametic genome integrity is more 
enigmatic in the male germline, where the piRNA 
pathway seems less specialized for transposon 
targeting (5). It notably controls the male germ cell— 
specific Stellate gene amplified on the X chro- 
mosome; Stellate protein aggregation into crystals 
is thought to compromise male gamete integrity (6). 

Plant genomes lack PIWI proteins and adaptive 
piRNA genomic clusters. Consequently, revealing 
transposons’ presence in gametophytes paradoxi- 
cally entails their reactivation in accessory or nurs- 
ing cells by overcoming two independent, yet often 
overlapping, mechanisms for transposon silenc- 
ing (7). A first, innate TGS process involves the 
activities of MET1, which maintains DNA meth- 
ylation at symmetric CG sites, and of DDM1, a 
SWI-SNF chromatin-remodeling factor with in- 
trinsic affinity for transposons and/or repeats 
(Fig. 1B, top). Second, a plant-specific polymer- 
ase, PollV (p4), can back up MET1-DDM1 action 
at some loci, owing to a presumed affinity for 
methylated or heterochromatic DNA. RDR2 
converts PolIV transcripts into dsRNAs, which 
are further processed by Dicer-like protein DCL3 
into 24-nt-long “p4” siRNAs. The p4 siRNAs guide 
AGO4 back onto the DNA, in cis, by recruiting a 
second plant-specific polymerase, PolV. AGO4-PolV 
complexes then attract de novo DNA methyl- 
transferases, which target cytosines in all se- 
quence contexts (CG, CHG, and CHH) (H = A, 
T, or C) (Fig. 1B, middle). Non-CG methylation, 
notably, provides a diagnostic signature of this 
back-up system. Only its combined loss with that 
of METI-DDM1 allows Polll-dependent tran- 
scription and mobilization of transposons (8, 9). 
As an ultimate back-up process, highly accumu- 
lating transposons may undergo posttranscrip- 
tional gene silencing, presumably by means of 
the RDR6-DCL4-AGO1-—dependent pathway 
that normally silences transgenes through 21-nt- 
long siRNAs (Fig. 1B, bottom) (7, 70). Both p4 
and 21-nt siRNAs are mobile in Arabidopsis, 
which allows TGS and PTGS transmission not 
only between neighboring cells—for instance, 
those found in gametophytes (see below)—but 
also between distant organs, through the vascular 
system (//, 12). 

During female gametogenesis in angiosperm 
plants, such as Arabidopsis, the haploid egg cell 
and the homodiploid central cell—respectively 
precursors of the diploid embryo and triploid 
endosperm—are formed. Owing to MET1 down- 
regulation during gametogenesis (/3), a first wave 
of p4 siRNA production uncovers the presence and 
identity of transposons. Strictly restricted to the 
central cell is the additional and coincident 
induction of DEMETER (DME), a DNA glyco- 
sylase that erases cytosine methylation in all 
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Fig. 1. General mechanisms of silencing by small 
RNAs in Drosophila and Arabidopsis. (A) In the 
Drosophila ping-pong cycle, antisense piRNA 
precursors (long orange lines) transcribed from 
master piRNA clusters (e.g., 42AB) are sliced by 
AGO3 loaded with complementary sense piRNAs 
(short purple lines), allowing antisense piRNA 
synthesis. Antisense piRNAs (short orange lines) 
are then loaded onto Aubergine (Aub) and/or 
PIWI and used to recognize matching transposon 
transcripts (long purple lines), which recreates 
antisense piRNAs by cleavage. (B) A putative triple- 
layer TGS-PTGS pathway represses some Arabidopsis 
transposons. (Top) In normal situations, MET1- 
DDM1 maintains full TGS of transposons through 
CG methylation (process denoted by looping black 
arrows; red circles denote methylation). (Middle) In 
case of MET1-DDM1 down-regulation, the PollV- 
PolV pathway can be used as a backup for TGS- 
PTGS. PollV-dependent nascent transcripts (green) 
are converted into dsRNAs by RDR2 (1) and cleaved 
by DCL3 into 24-nt-long p4 siRNAs (2). Antisense p4 
siRNAs (orange) are loaded onto AGO4 (3), which 
guide PolV to homologous DNA, which is then 
methylated in all cytosine sequence contexts by de 
novo DNA methyltransferases (MTases) (4). (Bottom) 
Disrupting both the MET1-DDM1 and PollV path- 
ways reactivates Polll-dependent transcription of 
transposons (brown), which regain their ability to 
mobilize. The alternative RDR6-DCL4—dependent 
pathway (1, 2) may dampen excessive transposon 
mRNA accumulation via production of diagnostic, 
21-nt-long siRNAs that guide AGO1-dependent 
PTGS in trans (3). 


sequence contexts (Fig. 2B) (/4). 
ROS3, a protein required for DME- 
like protein action, binds small RNAs 
in vitro and in vivo (/5); it is there- 
fore tempting to speculate that the 
first wave of p4 siRNAs might di- 
rect the DME-dependent genome- 
wide demethylation typically observed 
in the central cell and, after fertil- 
ization, in the endosperm (/6, /7). 
The ensuing transposon reactiva- 
tion is likely to stimulate strongly 
the PolIV back-up pathway (8, 9), 
and this probably explains the mas- 
sive central cell- and endosperm- 
specific accumulation of p4 siRNAs 
seen in female gametophytes (/8). 
These abundant p4 siRNAs are then 
potentially available to enforce trans- 
poson silencing through non-CG 
methylation in the egg cell and 
future embryo (Fig. 2B). Similarly, 
in the male gametophyte (pollen), 
which is composed of two haploid 
sperm cells and one accessory 
vegetative cell, only the vegetative 
cell relaxes transcriptional gene 
silencing of transposons, through 
the simultaneous down-regulation 
of DDM1 and dampening of the 
PollV pathway (Fig. 2C) (79). As a 
backup, the vegetative cell uses 
PTGS to degrade the now highly 
abundant transcripts from mobiliz- 
ing transposons, generating 21-nt-long 
siRNAs with intrinsic trans-activity 
(19). Should transposons escape 
the robust TGS set in sperm cells, 
these mobile 21-nt siRNAs can po- 
tentially provide an additional pro- 
tection layer through PTGS and, 
perhaps, TGS via non-CG methyl- 
ation (Fig. 2C). Therefore, accessory 
or nursing cells of plant gameto- 
phytes apparently lose their genome 
integrity in order to supply gametes 
with protective siRNAs. 

In unicellular ciliates such as 
Tetrahymena and Paramecium, 
the diploid micronucleus (mic) fulfils 
germline functions, whereas the poly- 
ploid macronucleus (mac) ensures 
gene expression during vegetative 
growth. Although they occur post- 
zygotically, mechanisms for main- 
tenance of genome stability in ciliates 
are conceptually similar to those 
observed in pollen, except that the 
germline equivalent (mic) is here in- 
volved in ensuring the integrity of 
the somatic genome (mac) (20). In 
the preparation phase, the meiotic 
mic exits quiescence to produce 
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DICER-dependent “scan” RNAs (scnRNAs), 
which map to all germline sequences, including 
transposons, whereas the mac transcribes longer, 
noncoding RNAs (ncRNAs), which represent an 
RNA “cache” of the somatic genome (Fig. 2D). 
After loading into meiosis-specific PIWI-like 
proteins (2/), trans-acting scnRNAs then confront 
the mac-derived ncRNAs, as detailed below. 


Confrontation 

During confrontation, the genomic compatibility of 
gametes and/or nuclei is “‘assessed” through RNA- 
RNA interactions, preventing parental genomes’ 


toxicity to the zygote. Confrontation in Drosophila 
primarily relies on ping-pong piRNAs that have 
accumulated in the oocyte (Fig. 3A). In the embryo, 
maternally deposited antisense piRNAs can ini- 
tiate novel ping-pong cycles against any matching, 
sperm-delivered sense transposon (22). Although 
not formally demonstrated, a similar scenario of 
parental RNA confrontation may apply in plants. 
Double fertilization of the egg and the central cells 
by each sperm cell produces the embryo and the 
nurturing endosperm, respectively. Abundant ma- 
ternal p4 siRNAs that have accumulated in the 
central cell could predictably direct non-CG meth- 
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ylation of matching, paternal transposons brought 
by the sperm into the endosperm. Conversely, sperm- 
derived 21-nt siRNAs could prevent excessive 
matemal transposition in the hypomethylated endo- 
sperm. In the embryo, these paternal 21-nt siRNAs 
could degrade transposon RNAs that have poten- 
tially escaped TGS (Fig. 3B). In ciliates, confron- 
tation proceeds through a subtractive hybridization, 
where mic-derived scnRNAs are neutralized by 
annealing to complementary, mac-derived ncRNAs 
(Fig. 3C) (20). Noncomplementary scnRNAs orig- 
inating from the mic genome escape this filtering 
and are thus singularized as nonself sequences, 
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Fig. 2. Preparation phase in Drosophila, Arabidopsis, and ciliates. Accessory or 
nursing cells are depicted in yellow; germline cells, in blue. Molecular components 
are represented with the same color codes as in Fig. 1. (A) In Drosophila ovarioles, 
FLAMENCO-like piRNA clusters (red) in follicle cells (FC) feed a PIWI-dependent 
linear piRNA pathway that silences Gypsy-like retroviruses (blue), which can 
otherwise form infectious particles and invade the germline. A ping-pong—based 
piRNA pathway (Fig. 1A) operates in the germline nurse cells (NC) surrounding the 
haploid oocyte (darker blue), in which PIWI-Aub— and AGO3-bound piRNAs are 
likely deposited (double-line arrow). NC polyploidy may further enhance the ping- 
pong potency against transposons. (B) In the Arabidopsis female gametophyte, 
loss of MET1 occurs both in the diploid central cell (CC) and the haploid egg cell 
(EC). Simultaneous DME activation in the CC causes genome-wide demethylation 
only in this cell type, incurring strong production of PollV-dependent, 24-nt-long 
p4 siRNAs (green and orange lines as in Fig. 1B) and, potentially, some Polll- 
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dependent transcription. p4 siRNAs may move into the EC (double-line arrow) to 
enforce TGS through CG and non-CG methylation (CHG and CHH). The repressive 
state is potentially maintained by DDM1. (C) In the Arabidopsis male 
gametophyte, combined loss of DDM1 and PollIV strongly reactivates Polll- 
dependent transcription and mobilization of transposons in the vegetative cell 
(VO). Excessive transposon levels promote massive production of 21-nt siRNAs 
(brown and orange lines) and PTGS via AGO1 (as in Fig. 1B). In the two sperm cells 
(SC), MET1 and DDM1 are present to provide full TGS of transposons. Nonetheless, 
in case of relaxation, 21-nt siRNAs delivered by the VC (double-line arrow) can 
enforce transposon silencing by PTGS, and maybe TGS through CG and non-CG 
methylation. (D) In Paramecium, scnRNAs and long ncRNAs are produced from 
the entire genome of the germline-like mic and somatic mac nuclei, respectively. 
The two nuclei may differ in their DNA content (pink chromosomal region in the 
mic nucleus and pink lines denoting scnRNAs from this region). 
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which will require elimination in the new zygotic 
mac (23). 


Consolidation 


To consolidate the outcome of preparation and 
confrontation, RNA-based information, labile by 
nature, is converted into chromatin-based_infor- 
mation, which allows long-term perpetuation of 
embryonic and adult epigenetic landscapes. In 
Drosophila, piRNAs guide PTGS in the cyto- 
plasmic Nuage structure, but PIWI also interacts 
in the nucleus with a variant of heterochroma- 
tin protein—1 (HP1q) (24). Disruption of piRNA 
biogenesis or function promotes a shift in trans- 
poson chromatin states from inactive to active 
(25), which suggests that PIWI-bound piRNAs 
guide the process of heterochromatinization and 
long-term TGS of at least some target loci (Fig. 
3A). This process could, in principle, unfavorably 
silence master ping-pong piRNA clusters (e.g., 
42AB) and ultimately compromise the pathway’s 
adaptive potential, but a distinct HP1 homolog, 
Rhino, apparently prevents this by competing with 
HP 1a at the 42AB locus (Fig. 3A) (26). In plants, 
the endosperm feeds the embryo with nutrients, 
and so p4 siRNAs may conceivably also use this 
path to reinforce silencing in the embryo, which 
indeed displays characteristic non-CG methyla- 
tion at transposons or repeats (Fig. 3B) (/6). The 
ultimate consolidation scheme appears to function 
in ciliates, where unwanted DNA is physically 
eliminated at once. Hence, mic-derived, PIWI- 
bound scnRNAs that have previously escaped 
subtractive hybridization guide repressive histone 
marks at homologous loci in the zygotic mac (27), 
from which DNA is excised (Fig. 3C). 


When the System Fails: Hybrid Incompatibilities 


Postfertilization barriers between distant strains 
or species often cause sterility or lethality in hy- 
brid offspring. Given the processes discussed 
above, hybrid incompatibility might sometimes 
entail qualitative and/or quantitative inadequacies 
between transposon RNAs and _transposon- 
derived small RNAs contributed by each con- 
fronting gamete or nucleus. In support of this 
view, transposons are reliable markers of genetic 
distance and speciation (28). In Drosophila, 
maternal ping-pong piRNAs can, in principle, 
accommodate infinite quantities of matching 
transposon RNAs delivered by the sperm (Figs. 
1A and 3A). The system fails, however, if pa- 
ternal transposons are too sequence-divergent to 
be recognized by the maternal piRNA reservoir 
(Fig. 4A). This incurs “hybrid dysgenesis,” where 
transposons invading the developing embry- 
onic germline cause genome instability and, ulti- 
mately, sterility in the offspring (22, 29). A related 
mechanism may partly explain phenotypes of 
hybrid seed abortion observed in interspecific 
Arabidopsis crosses, which were indeed correlated 
with the massive activation of paternal ATHILA 
transposons (30). Here, hybrid failure could result 
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Fig. 3. Mechanisms for confrontation and consolidation. (A) In the Drosophila confrontation phase (1), 
Aub-PIWI- and Ago3-bound piRNAs deposited in the oocyte before fertilization protect the zygote against 
any matching, sperm-delivered transposon (purple), through the adaptive ping-pong pathway. During 
consolidation (2), PlWI-bound piRNAs can further direct heterochromatinization and TGS of target 
transposon loci (purple) via HP1 (brown stars). The HP1 homolog Rhino (yellow stars) prevents TGS of 
master ping-pong piRNA clusters of the 42AB type (orange), thereby preserving primary piRNA 
production. (B) In Arabidopsis, confrontation (1) might occur at fertilization through putative delivery of 
21-nt siRNAs by the sperm cells into the CC (yellow) and the EC (blue), giving rise, respectively, to the 
triploid endosperm and diploid embryo. These 21-nt siRNAs can potentially direct PTGS (via AGO1) of 
complementary transposon RNAs escaping silencing, and they may also trigger transposon TGS by 
recruiting the DNA methylation machinery (as in Fig. 1B). TGS in the embryo (blue) can be potentially 
consolidated (2) by delivery of p4 siRNAs previously produced in the CC and fed by the endosperm 
(double-line arrow). (C) In ciliates, confrontation (1) consists in the filtering of most PIWI-bound mic- 
derived scnRNAs by long mac-derived ncRNAs (as in Fig. 2D). In the consolidation phase (2), remaining 
scnRNAs (pink) target heterochromatinization (brown stars) and excision of complementary sequences in 
the new zygotic mac. 
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either from excessive divergence between se- 
quences of paternal transposon RNAs and matemal 
transposon-derived siRNAs or from an inadequate 
dosage of each protagonist at fertilization (Fig. 4A) 
(31). Consistent with the latter proposal, increasing 
maternal ploidy can override parental incom- 
patibility in Arabidopsis (30). Similarly, one could 
envision that precise stoichiometry between con- 
fronting RNAs from the mic and the mac nuclei 
might influence ciliates’ reproductive success (Fig. 
4A). Hence, crucial portions of the mac genome 
may be erroneously eliminated in case of overrep- 
resentation of mic-derived scnRNAs or underrepre- 
sentation of mac-derived ncRNAs. Conversely, 
overaccumulating ncRNAs may prevent elimina- 
tion of unwanted sequences in the mac genome. 


What About Mammals? 


Are some of the above concepts applicable to 
mammals? As in Drosophila, the mammalian 
germline produces amplifiable piRNAs (32), and 
similarly to plants, genome-wide demethylation 
unmasks transposons (33), although mammalian 
gametes do not rely on accessory or nursing cells 
for this. Although impairing piRNA biogenesis 
or function reactivates transposons and compro- 
mises fertility in males (33), any similar function 
in oocytes is less evident. Nonetheless, dysgenesis- 
related phenomena are common among hybrid 
mammals, and we anticipate that some may in- 
volve inadequacies between transposon RNAs 
and silencing small RNAs brought by one or 
both parents into the zygote. In support of this 
view, transposon RNA can be carried over from 
parents to embryo in LINE1 transgenic mice 
(34), and amplification of endogenous retro- 
elements occurs in hybrid progenies of distant 
kangaroo species (35). Moreover, crosses be- 
tween females of the DDK inbred mouse strain 
and non-DDK males incur early embryonic 
lethality (DDK syndrome), owing to incom- 
patibility between a maternally deposited factor 
and a paternal locus (36). Remarkably, the DDK 
susceptibility locus is strongly enriched in LTR 
and long interspersed nuclear element (LINE) 
repeats (37). Perhaps the DDK syndrome results 
from paternal transposon expansions that cannot 
be qualitatively or quantitatively matched by the 
female DDK factor, which might be small RNAs. 
Consistent with this idea, siRNAs and moderate 
amounts of piRNAs are detected in mammalian 
oocytes (38). Recent evidence suggests that the 
quiescent mammalian sperm also contains small 
RNAs (39), although whether they can be trans- 
mitted during fertilization is unknown. Nonetheless, 
ectopic miRNAs delivered by mouse sperm were 
shown to promote gene expression changes that, 
remarkably, persist in progenies (40). 


Conclusions and Perspectives 

RNA cross talk between nuclei or cells might 
thus represent widely used mechanisms for 
gametic or zygotic genome integrity and hybrid 
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Fig. 4. Possible mechanisms underlying hybrid incompatibility. (A) Compatibility is fulfilled when appro- 
priate levels of female small-RNA pools match transposon RNAs delivered by the male (left). Incom- 
patibility may occur because of quantitative (middle) or qualitative (right) inadequacies between these two 
parental RNA populations. (B) Compatibility checking might also hypothetically involve maternal mRNAs 
(capped and polyadenylated), for instance, encoding a lethal toxin, that act as sentinels of features of 
sperm-delivered siRNAs or miRNAs. Degradation of maternal toxic mRNAs by paternal small RNAs would 
allow further development (left), while quantitative (middle) or qualitative (right) inadequacies would 
incur incompatibility. Schemes in (A) to (B) could apply to crosses in both parental directions. 


compatibility. Although presented merely from 
the standpoint of genome protection, the pro- 
cesses evoked here may also implicate non- 
transposon small RNAs with regulatory rather 
than defensive functions, such as miRNAs and 
trans-acting siRNAs. In Brassica, small RNAs 
produced during gamete preparation can over- 
come inbreeding barriers and therefore expand 
mating possibilities (4/); specific to the diploid 
phase of heterozygous pollens, a dominant allele 
produces small RNAs that mediate in trans DNA 
methylation and repression of the recessive allele 
of a key locus involved in pollen or pistil recog- 
nition. Expression or sequence polymorphisms 
between regulatory small RNAs in one parent and 
their targets in the other could also influence hybrid 
compatibility during the confrontation phase. How 
hypothetical, maternal mRNAs encoding toxic 
products could act as fertilization gateways through 
their specific inactivation by matching paternal 
siRNAs or miRNAs is depicted in Fig. 4B. Exces- 
sive phylogenetic distance between the two parents 
would, this way, be strongly counterselected. Recent 
evidence for miRNA-directed DNA methylation in 
plants (42) further suggests a possible zygotic or 
embryonic consolidation of such putative events. Fi- 
nally, in Arabidopsis, stress-responsive loci produce 
mobile small RNAs with the potential to invade 
the germline (43), whereas in Drosophila, aging 
and temperature influence female sterility in 


nonmendelian ways reminiscent of piRNA action 
(44). It is thus conceivable that environmental cues 
perceived in parents might not only affect epi- 
genetic transgenerational memory (43), but also 
the mere capacity to pass their genome to sub- 
sequent generations. 
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REVIEW 


Epigenetic Reprogramming in Plant 
and Animal Development 


Suhua Feng,” Steven E. Jacobsen,?* Wolf Reik?* 


Epigenetic modifications of the genome are generally stable in somatic cells of multicellular 
organisms. In germ cells and early embryos, however, epigenetic reprogramming occurs on a 
genome-wide scale, which includes demethylation of DNA and remodeling of histones and 
their modifications. The mechanisms of genome-wide erasure of DNA methylation, which 
involve modifications to 5-methylcytosine and DNA repair, are being unraveled. Epigenetic 
reprogramming has important roles in imprinting, the natural as well as experimental 
acquisition of totipotency and pluripotency, control of transposons, and epigenetic inheritance 
across generations. Small RNAs and the inheritance of histone marks may also contribute to 
epigenetic inheritance and reprogramming. Reprogramming occurs in flowering plants and in 
mammals, and the similarities and differences illuminate developmental and reproductive 


strategies. 


ical modifications of DNA and of its as- 

sociated chromatin proteins. Although 
they do not alter the primary sequence of DNA, 
they also contain heritable information and play 
key roles in regulating genome function. Such 
modifications—including cytosine methylation, 
posttranslational modifications of histone tails and 
the histone core, and the positioning of nucleosomes 
(histone octamers wrapped with DNA)—influ- 
ence the transcriptional state and other functional 
aspects of chromatin. For example, methylation of 
DNA and certain residues on the histone H3 N- 
terminal tail [e.g., H3 lysine 9 (H3K9)] are im- 
portant for transcriptional gene silencing and the 
formation of heterochromatin. Such marks are es- 
sential for the silencing of nongenic sequences— 
including transposons, pseudogenes, repetitive 
sequences, and integrated viruses—that could be- 
come deleterious to cells if expressed and hence 
activated. Epigenetic gene silencing is also im- 


E pigenetic marks are enzyme-mediated chem- 
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portant in developmental phenomena such as 
imprinting in both plants and mammals, as well as 
in cell differentiation and reprogramming. 

DNA methylation occurs in three different nu- 
cleotide sequence contexts: CG, CHG, and CHH 
(where H = C, T, or A). In both mammals and 
plants, CG methylation is maintained by the main- 
tenance DNA methyltransferase, termed DNMT1 
[DNA (cytosine-5)-methyltransferase 1] in mam- 
mals and MET1 (DNA METHYLTRANSFER- 
ASE 1) in Arabidopsis, and by a cofactor that 
recognizes hemimethylated DNA at replication 
foci, called UHRF1 (ubiquitin-like containing 
PHD and RING finger domains 1) in mam- 
mals and VIM (VARIATION IN METHYLA- 
TION) family proteins in Arabidopsis (1). In 
addition, the mammalian de novo DNA methyl- 
transferases DNMT3A and Dnmt3b are required 
for the maintenance of CG methylation at some 
loci (2). CHG methylation is common in Arabi- 
dopsis and other plant genomes and is main- 
tained by a feedforward loop that is formed by 
a plant-specific DNA methyltransferase, CMT3 
(CHROMOMETHYLASE 3), and a histone meth- 
yltransferase, KYP (KRYPTONITE) (/, 3, 4). 
CHH methylation is also abundant in plants and 
is maintained by the RNA-directed DNA meth- 
ylation (RdDM) pathway, which actively targets 
the DNA methyltransferase DRM2 (DOMAINS 


REARRANGED METHYLTRANSFERASE 2; 
a homolog of Dnmt3) to DNA by means of 24- 
nucleotide (nt) small interfering RNAs (siRNAs) 
bound by AGO4 (ARGONAUTE 4) (/) (Fig. 1). 
CHG and CHH methylation are also present at 
detectable levels in mammals, especially in stem 
cells, and this methylation is likely introduced by 
DNMT3A and DNMT3B (5, 6). De novo meth- 
ylation of DNA in all of these sequence contexts 
is generally established by the DNMT3 (mammals) 
and DRM2 (4rabidopsis) methyltransferases. 
Mammals do not have an Arabidopsis-like RNA- 
directed DNA methylation pathway, but in germ 
cells, PIWI-associated RNAs (piRNAs) are thought 
to guide DNMT3 activity (7). Mammals have a 
noncatalytic paralog of de novo methyltransferase, 
DNMT3L, which interacts with DNMT3A and 
unmethylated H3K4 (as does DNMT3A and 
DNMT3B) (8—/0); these findings imply a target- 
ing mechanism of these methyltransferases to 
chromatin. Unmethylated CpG islands are spe- 
cifically bound by CFP1 (CXXC finger protein—1), 
which in turn recruits the histone H3K4 methyl- 
transferase SETD1 (SET domain containing—1) 
(11); this suggests that H3K4 methylation, and 
therefore exclusion of DNMT3 from CpG is- 
lands, could help to explain how promoters re- 
main unmethylated. Consistent with this idea, 
demethylation of H3K4 has been shown to be 
important for the acquisition of DNA methylation 
in imprinted genes in oocytes (/2). Additionally, 
transcription can also help to establish de novo 
DNA methylation at imprinted regions (/3). Ear- 
lier this year, it was shown that the nucleosome 
landscape also influences the methylation pat- 
terning in both plant and animal genomes (/4). 

Some histone modifications are also thought 
to be actively maintained during DNA replica- 
tion, in part facilitated by the association of 
the histone modification enzymes with the DNA 
replication machinery. For example, the mam- 
malian histone H3K9 methyltransferases GOA 
and SETDB1 (SET domain bifurcated—1), the 
mammalian H4K20 methyltransferase SETD8 
(SET domain containing—8), and the plant his- 
tone H3K27 monomethyltransferases ATXRS5 
(ARABIDOPSIS TRITHORAX-RELATED 
PROTEIN 5) and ATXR6 interact with the rep- 
lication protein PCNA (proliferating cell nuclear 
antigen) (/5, 16). However, histone methyla- 
tion can also be very dynamic and is controlled 
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by the combined action of both histone meth- 
yltransferases and histone demethylases, as well as 
by the proteins that read these histone marks (/6). 
Through the developmental regulation of these 
epigenetic mechanisms, both plants and ani- 
mals undergo epigenetic reprogramming in var- 
ious cell types and developmental stages, which 
serve either to transmit epigenetic information 
between cells or between sexual generations, or 
to reset epigenetic marks to reduce the risk of 
perpetuating dangerous epigenetic alleles. 


DNA Methylation Throughout 
the Arabidopsis Life Cycle 


To maintain genome integrity from generation 
to generation, transposons and repetitive DNA 
elements must be kept under tight regulation in 
reproductive cells. One of the ways that plants 
achieve this is through the stable inheritance of 
DNA methylation. Plants frequently show meiotic 
inheritance of gene silencing (/). Furthermore, 
plants are not known to undergo genome-wide 
waves of demethylation in germ cells, as occurs 
in animals. However, large-scale reprogramming 
occurs in non—germ line reproductive cells, and 
this reprogramming may function to reinforce 
silencing of transposable elements in germ cells 
(see below). 

One way to actively reprogram the epige- 
nome is to remove methylated cytosines. The 
Arabidopsis genome encodes four bifunction- 
al helix-hairpin-helix DNA glycosylases and AP 
lyases—ROS1 (REPRESSOR OF SILENCING 
1), DME (DEMETER), DML2 (DEMETER- 
LIKE 2), and DML3 (DEMETER-LIKE 3)— 
which recognize and remove methylated cyto- 
sines, resulting in a 1-nt gap in the DNA double 
strand. Subsequently, as yet unidentified DNA 
repair polymerase and DNA ligase enzymes are 
thought to fill in the gap with an unmethylated 
cytosine (/, 17). ROS1, DML2, and DML3 main- 
ly function in vegetative tissues, and genomic 
studies suggest that they demethylate hundreds 
of specific loci across the genome with a bias 
toward genes (/, 78). Knocking out all three 
genes does not markedly affect the overall levels 
or patterns of methylation in the Arabidopsis 
genome (/8, 79). Instead, these enzymes appear 
to be acting as a counterbalance to the RNA- 
directed DNA methylation system to quantita- 
tively fine-tune methylation levels at particular 
genomic locations. 

By contrast, DME functions to cause global 
hypomethylation in the endosperm (the extra- 
embryonic tissue of flowering plants) of Arabi- 
dopsis (20, 21), and thus contributes to large-scale 
epigenetic reprogramming (Fig. 1). In Arabidopsis, 
female gametogenesis begins when a somatical- 
ly derived megaspore mother cell undergoes mei- 
osis to give rise to a haploid megaspore, which 
subsequently develops into a mature female game- 
tophyte (embryo sac) that contains one egg cell, 
one central cell (two nuclei), and several other 


accessory cells. During double fertilization (which 
is common in plants), the egg cell fuses with a 
sperm cell from the male gametophyte (pollen 
grain) to form an embryo, and the central cell 
fuses with the other sperm cell from pollen to 
form the triploid endosperm, which nourishes 
the embryo, and thus bears a function similar to 
that of the placenta in mammals. DME is ex- 
pressed primarily in the central cell before fer- 
tilization, and thus only the maternal genome is 
demethylated by DME. This leads to maternal 
allele-specific gene expression (imprinting) in 
the endosperm (22). Until recently, only six im- 
printed Arabidopsis genes were known, but re- 
cent genomic studies of endosperm have revealed 
genome-wide differences in DNA methylation, 
including a substantial reduction of CG methyl- 
ation; hence, many additional genes are likely to 
be imprinted in Arabidopsis, some of which have 
been verified by single-gene studies (20, 2/) (Fig. 
1). Demethylation by DME may also reactivate 
transposon expression, which shunts transposon 
transcripts into the RNAi pathway, producing 
additional siRNAs that can guide DNA methyl- 
ation to non-CG sites whose methylation is high 
in wild-type endosperm but decreased in dme 
mutant endosperm (Fig. 1). Curiously, there are 
even higher levels of non-CG methylation in the 
wild-type embryo that could be explained by 
movement of siRNAs produced in the central 
cell into the egg cell; this attractive idea awaits 
experimental support (20). Because the endo- 
sperm genome does not contribute to the next 
generation, mild reactivation of transposons in 
endosperm may not be deleterious and may re- 
inforce the silencing of transposons in the egg 
cell and later embryo, contributing to the ge- 
nome integrity of offspring. Indeed, there is a 
class of RNA polymerase IV (Pol IV)}-dependent 
siRNAs that only accumulates in flowers and 
young siliques, likely originating from the endo- 
sperm (23). Notably, these siRNAs are derived 
from maternal alleles only, which suggests that 
they may be produced in part during female 
gametogenesis and then retained after karyogamy. 
However, these siRNAs are expressed more 
highly after fertilization, and therefore imprinted 
maternal expression of siRNA loci may also 
occur as the endosperm develops (23). It is 
tempting to speculate that the maternal Pol IV— 
dependent siRNAs are the “messenger” that me- 
diates communication between endosperm and 
embryo (Fig. 1); however, these siRNAs were 
detected only in the endosperm, not in the em- 
bryo (23). Nonetheless, the possibility that they 
exist in low abundance in the embryo, or are 
ephemeral, cannot be ruled out. 

The idea that siRNAs move from the endo- 
sperm to the embryo is consistent with the model 
put forth in an earlier study on paternal genome 
reprogramming in Arabidopsis (24). The male 
gametophyte of Arabidopsis (a pollen grain) con- 
tains two sperm cells, which fertilize the egg 
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cell and central cell, respectively, and a vegetative 
nucleus (Fig. 1). Transposon expression is gen- 
erally up-regulated in pollen, and certain trans- 
posons even become mobile in pollen, unlike 
the situation in most other tissues (24). Reduction 
of transposon methylation followed by transpos- 
on reactivation appears to occur in the vegetative 
nucleus; this is supported by the finding that tran- 
sposon reactivation and movement are not inher- 
ited by the next generation (24). It has been shown 
that several key RdDM pathway proteins (RDR2 
and DCL3) and CHG methylation maintenance 
pathway proteins (CMT3 and K YP) have reduced 
expression levels in pollen; in addition, DDM1 
(DECREASE IN DNA METHYLATION 1), an 
important chromatin remodeler required for DNA 
and histone methylation and transposon silenc- 
ing, is exclusively localized in sperm cells but not 
in the vegetative nucleus (24). These results sug- 
gest a model in which hypomethylation of the 
vegetative cell may reactivate transposons that 
could serve to reinforce transposon silencing in 
the adjacent sperm cells (Fig. 1) (24). 

Small RNAs may be involved in this commu- 
nication between the vegetative cell and the sperm 
cells. A class of siRNAs that is 21 nt in length and 
corresponds to A‘hila retrotransposons, the largest 
transposon family, is detected in sperm cells. 
Because Afhila retrotransposons remain silenced 
in sperm cells but are activated in the vegetative 
nucleus, it is possible that the 21-nt siRNAs are 
produced in the vegetative nucleus and then travel 
to their site of action—sperm cells—where they 
mediate the silencing of transposons through an 
unknown mechanism (Fig. 1) (24). A common 
theme is that both male and female gametophytes 
contain nurse cells in which massive epigenetic 
reprogramming may serve to reinforce transposon 
silencing in the germ line (Fig. 1). 

Another example of small RNAs silencing 
transposons at a distance occurs when the mega- 
spore mother cell differentiates from somatic 
tissues (25). Mutations in AGO9 (ARGONAUTE 
9), a member of the Arabidopsis Argonaute fam- 
ily of proteins, result in the reactivation of trans- 
posons in the ovule (including the egg cell) (Fig. 1). 
Remarkably, AGO9 is not expressed in the re- 
productive cells themselves (megaspore mother 
cell, megaspore, or developing female gameto- 
phyte), but is expressed in the companion cells 
surrounding the female gametophyte. The tran- 
sposon targets of AGO9 are similar to those re- 
activated in pollen, and evidence suggests that 
AGO9-mediated transposon silencing uses com- 
ponents of known silencing pathways, including 
the 24-nt RNA-directed DNA methylation path- 
way (25). Whether the AGO9-associated 24-nt 
siRNAs are the mobile signal remains to be tested. 


Resetting of Histone Modifications 

in Arabidopsis 

In addition to DNA methylation, plants also re- 
program histones and their associated marks; 
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Fig. 1. Model of epigenetic silencing dynamics during the Arabidopsis life 
cycle. In somatic cells, three different mechanisms are responsible for repress- 
ing transcription from transposable elements (TEs), DNA methylation (in all 
three sequence contexts), histone H3K9 dimethylation (H3K9me2), and his- 
tone H3K27 monomethylation (H3K27me1). Methyltransferases and proteins 
regulating these epigenetic marks are shown. See text for details. In the 
female gametophyte, the central cell is demethylated by DME, which leads to 
TE activation and up-regulation of RdDM. The siRNAs produced from TEs not 
only direct non-CG methylation in the central cell, but also might travel to the 
egg cell and enhance the silencing of TEs there. In addition, AGO9-associated 
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siRNAs produced in somatic companion cells also contribute to the silencing 
of TEs in the egg cell. In the male gametophyte, the vegetative nucleus does 
not express DDM1 and has reduced RdDM, which leads to TE activation and 
mobilization. A new class of 21-nt siRNAs, produced from TEs in the vege- 
tative nucleus, travels to sperm cells to reinforce TE silencing. After double 
fertilization, maternal TEs in the endosperm stay activated and produce Pol 
\V—dependent siRNAs, which could function to silence the paternal TEs in the 
endosperm. The methylation levels in the embryo are elevated, possibly as a 
result of the siRNA signals transmitted from the endosperm. Different shadings 
indicate the level of DNA methylation (high, black; medium, gray; low, white). 
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as opposed to DNA methylation (which is typ- 
ically inherited), some histone modifications are 
known to be reset in each generation. Because 
plants do not set aside a germ line early in de- 
velopment (germ cells are differentiated from 
adult somatic cells), some type of “reprogram- 
ming” process is likely needed to erase the effects 
of epigenetic marks caused by external stimuli 
(such as development or stress). For example, 
PCG (Polycomb group) proteins mediate the si- 
lencing of FLC (FLOWERING LOCUS C) in 
Arabidopsis, which controls flowering time (26). 
In winter-annual accessions of Arabidopsis, FLC 
is expressed at high levels to repress the initia- 
tion of flowering. During vernalization (pro- 
longed exposure to cold, such as during winter), 
FLC becomes modified by H3K27 trimethyla- 
tion, which helps to turn off FLC expression epi- 
genetically. When winter passes and temperatures 
become warmer, trimethylation and silencing 
of FLC persists, and therefore Arabidopsis can 
flower in response to environmental cues such as 
photoperiod. When gametes are formed through 
meiosis, H3K27 trimethylation marks on FLC 
are removed by an unknown mechanism and FLC 
becomes reexpressed in the seeds. Thus, flower- 
ing is inhibited by FLC until the next-generation 
plants encounter cold weather. 

Resetting of histone marks may involve, in 
part, global replacement of histones (27). The 
histone variant H3.3 can be incorporated in the 
absence of DNA replication, and thus is a can- 
didate for the “replacement” histone H3 during 
reprogramming. HTR10 (HISTONE THREE 
RELATED 10) is exclusively expressed in male 
reproductive cells, but after karyogamy of sperm 
and egg cell nuclei, the paternal HTR10 signal 
disappears within a matter of hours before S 
phase of the first zygote division (27). This sug- 
gests that HTR1O is actively removed from the 
chromatin in a replication-independent manner 
specifically in the sperm cell that fertilizes the 
egg. Unlike DNA methylation reprogramming, 
which occurs in accessory cells, histone repro- 
gramming takes place in the zygote and thus can 
transmit information to the next generation. These 
results raise a number of questions. How does 
the reprogramming system differentiate between 
the two sperm cells? Does similar reprogram- 
ming happen in the female genome as well? 
What types of histone H3 replace the parental 
histone H3 in the zygote, and where do they 
come from? 

Recently a new transposon silencing mark 
was described in Arabidopsis that does not ap- 
pear to involve the well-studied DNA methyla- 
tion or histone H3K9 dimethylation marks. This 
mark, H3K27 monomethylation, is needed to sup- 
press excessive replication of heterochromatin 
in which transposons reside (/5). Overreplica- 
tion of transposons might lead to transposon re- 
activation and copy number propagation, and 
the H3K27 monomethylation system may have 


evolved to suppress excessive replication and to 
ensure genome stability (Fig. 1). If true, this 
would suggest that histone marks not only get 
reprogrammed but also reprogram the genome, 
in the case of H3K27 monomethylation, by 
keeping the replication of transposons in check. 
This presumably is important for actively cycling 
plant cells, for reproductive cells undergoing 
meiosis, and perhaps for early stages of embryo 
development. 


Mechanisms of Epigenetic Reprogramming 
in Mammalian Development 
Genome-wide epigenetic reprogramming oc- 
curs in mammalian development at two dis- 
tinct stages: in primordial germ cells (PGCs) 
primarily once they have reached the embryonic 
gonads (embryonic day E10.5 to E13.5), and in 
the early embryo beginning in the zygote im- 
mediately after fertilization and extending to the 
morula stage of preimplantation development 
(Fig. 2) (28-30). This reprogramming entails 
erasure of DNA methylation and loss of histone 
modifications (as well as loss of histones and his- 
tone variants); here we focus on demethylation 
of DNA. The loss of DNA methylation by E13.5 
(the developmental endpoint of reprogramming) 
is truly global; in mouse female PGCs, only 7% 
of CpGs remain methylated [versus 70 to 80% in 
embryonic stem (ES) cells and somatic cells], 
and most promoters and genic, intergenic, and 
transposon sequences are hypomethylated at this 
stage (3/). The only clear exception to global 
erasure is intracisternal A particles (IAPs), an 
active family of retrotransposons that have only 
recently been acquired in the rodent lineage, 
which only show partial demethylation in PGCs 
(31). Promoters of germ cell-specific genes (such 
as Dazl or Vasa) are methylated in early PGCs 
and become demethylated and expressed dur- 
ing reprogramming (32). Imprinted genes have 
allele-specific methylation in early PGCs and 
the Xist promoter is methylated, and this meth- 
ylation is all erased in PGCs by E13.5 (Fig. 2) 
(33, 34). Although most of the genome-wide de- 
methylation appears to occur in E11.5 to E13.5 
PGCs, it remains possible that some loci be- 
come demethylated at slightly earlier stages (35); 
hence, demethylation is not necessarily coordi- 
nated timewise throughout the genome. Nothing 
is currently known about the possible occurrence 
or erasure of non-CG methylation in PGCs. 
DNA deaminases and the base excision repair 
pathway have recently been implicated in era- 
sure, which suggests that active demethylation 
is involved at least in part (37, 36). The cytosine 
deaminases AID and APOBEC! are capable in 
vitro of deaminating 5-methylcytosine (SmC) as 
well as cytosine and are expressed, albeit at a low 
level, in PGCs (36, 37). Notably, AID deficiency 
in PGCs results in a deficit in demethylation of 
20% of all CpGs if it is assumed that early PGCs 
have methylation levels similar to those of ES 
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cells or somatic cells (37). Because of this par- 
tial effect of AID deficiency on erasure, the 
potential redundancy with other DNA deam- 
inases needs to be examined. The 5mC hydrox- 
ylases TET1 and TET2 are also expressed in 
PGCs (36), suggesting the possibility that SmC 
could be modified by different mechanisms 
(deamination, hydroxylation) in order to initi- 
ate active demethylation. It is also possible 
that a combination of passive (resulting in hemi- 
methylated substrates in G phase of the cell 
cycle) and active demethylation could be in- 
volved. Finally, it is possible that the genome- 
wide nature of the demethylation process and 
its relatively coordinate timing require differ- 
ent mechanisms and different modifications 
of 5mC to join forces in order to achieve such 
large-scale reprogramming. 

Initial modification of 5mC would require 
further modification or DNA repair in order to 
achieve demethylation. DNA repair pathways 
that might be involved in resolving mismatches 
or in excising 5-hydroxymethylcytosine (ShmC) 
are nucleotide excision repair, mismatch repair, 
and especially base excision repair (BER), which 
is also involved in demethylation during reprog- 
ramming in plants (/). BER components such as 
PARP1, APE1, and XRCC1 are all up-regulated 
at E11.5 in PGCs, together with enhancement of 
chromatin-bound XRCC1; thus, it is possible 
that BER is activated at this time point (Fig. 2) 
(36). Global losses of several histone modifica- 
tions (e.g., H3K27me3, H3K9ac) as well as the 
linker histone H1 are observed after demethyl- 
ation of DNA, indicating that widespread DNA 
repair might be associated with global remodel- 
ing of nucleosomes in PGCs (38). It is also 
possible that specific histone modification or 
demodification enzymes (deacetylases, deme- 
thylases) are in part responsible for erasure of 
histone marks in PGCs, but none have been 
identified so far. 

Base excision repair also appears to be in- 
volved in demethylation in the zygote imme- 
diately after fertilization (Fig. 2). The added 
complication here is that it is specifically the 
paternal, sperm-derived, genome that is demeth- 
ylated, whereas the maternal one is not; the ma- 
ternal genome may be specifically protected from 
demethylation (39-42). Differentially methylated 
regions in imprinted genes are also specifically 
protected from demethylation, and so again are 
IAPs. Nonetheless, there appear to be substan- 
tial losses of methylation in the zygote, poten- 
tially of a similar scale to those occurring in PGCs 
(39, 43, 44). Notably, demethylation of the pa- 
ternal genome may occur in two phases, one 
before DNA replication and one associated with 
the S and Gp phases (44). The first phase might 
involve modification of SmC but only partial 
demethylation (44). Demethylation might then 
continue at replication or afterward. BER com- 
ponents are also present at these stages with an 
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enhancement of chromatin-bound XRCC1 in 
the paternal pronucleus (36). Both phases show 
evidence of DNA strand breaks, indicating that 
repair may be involved in both of them, and 
inhibition of BER components partly interferes 
with demethylation (36, 44). Whether AID or 
TETs are involved in zygotic demethylation is 
not yet known, but components of the Elongator 
complex (Elongator complex proteins, ELPs) 


oS 


Gametes 


PGCs (gonad) 
E10.5-13.5 


CED 


é methylation 


the blastocyst stage, with DNMT1 protein being 
largely excluded from the nucleus by an unknown 
mechanism (Fig. 2). Nonetheless, the mainte- 
nance of methylation in differentially methyl- 
ated regions of imprinted genes does depend on 
DNMTI (46), so it will be important to under- 
stand how DNMT1 might be targeted during 
this reprogramming phase to key regions in the 
genome, such as imprinted genes (47). 
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Fig. 2. The two major phases of genome-wide erasure of DNA methylation in the early embryo and in 
primordial germ cells (PGCs) of the mouse. Thickness of the outer arrows indicates levels of DNA 
methylation. Red, maternal genome; blue, paternal genome. After fertilization, the paternal genome is 
more rapidly demethylated than the maternal one. During gametogenesis, de novo methylation in 
spermatogenesis occurs earlier than in oogenesis. The inner circle shows factors or candidate factors 
that are implicated in de novo methylation, the maintenance of methylation, and demethylation, 
respectively. Solid arrows in the inner circle show at what developmental time these epigenetic reg- 
ulators are thought to act. ES cells, TS cells, and XEN cells are stem cell lines that are derived from the 
inner cell mass (ICM), trophectoderm (TE), and primitive endoderm (PE) of the blastocyst, respectively. 


have been implicated in demethylation of the 
paternal genome (Fig. 2) (45); Elongator is in- 
volved in diverse aspects of transcriptional 
regulation and can also modify tRNAs. Could 
Elongator catalyze an as yet unknown modi- 
fication of 5mC that makes it a substrate for 
BER? After zygotic demethylation, the embry- 
onic genome continues to be demethylated dur- 
ing the following few cleavage divisions until 


Hence, the current evidence for the initiation 
and regulation of genome-wide erasure of DNA 
methylation in PGCs and the zygote points to 
initiating events that modify SmC (such as de- 
amination and hydroxylation), which would trig- 
ger a BER response. Of course, it is still possible 
that bifunctional DNA glycosylases of the type 
that excise 5mC in plants also exist in animals 
(although none have been found so far); con- 


versely, homologs of APOBEC deaminases and 
TET and ALKBH-type hydroxylases have yet to 
be described in plants. 


Experimental Reprogramming in Mammals 


Experimental reprogramming to a pluripotent 
state can be achieved, albeit inefficiently, by fu- 
sion of somatic cells and pluripotent cells, by 
cloning, and by direct reprogramming using core 
transcription factors (48). With all three meth- 
ods, there is evidence that epigenetic reprogram- 
ming is a central component of achieving the 
goal of an embryonic or ES cell-like (iPS) state. 
In cell fusion experiments between somatic cells 
and ES cells, key pluripotency genes such as 
Oct4 and Nanog need to be demethylated; AID 
also seems to be important for demethylation in 
this system (49). Generation of iPS cells from 
somatic cells by the transduction of core tran- 
scription factors (such as OCT4, SOX2, KLF4, 
and C-MYC) probably requires multiple epige- 
netic reprogramming steps while the cells that 
undergo reprogramming divide (50). DNA 
demethylation is clearly critical because incom- 
pletely reprogrammed iPS cells can become 
completely reprogrammed by treatment with the 
methylation inhibitor azacytidine (48). Inhibitors 
of histone deacetylases and histone methyltrans- 
ferases are also beneficial, showing in general 
that repressive epigenetic modifications acquired 
during differentiation and somatic development 
need to be reversed to achieve the pluripotent 
state (48). Notably, reprogramming by cloning 
apparently results in better resetting of the 
epigenome than can be achieved by direct 
reprogramming with transcription factors, indi- 
cating perhaps that true totipotency requires 
passage through germ cells or zygotes (5/). Direct 
applications to regenerative medicine will result 
from unraveling the role of AID, hydroxymeth- 
ylation, and the TETs, and of the base excision 
repair pathway as well as the methyltransferases 
in this process, and from knowledge of how the 
reprogramming network is connected with the 
pluripotency network. 


Comparative Biology of 

Epigenetic Reprogramming 

Whether genome-scale epigenetic reprogram- 
ming has a unified purpose is not clear; some 
aspects of reprogramming are clearly conserved 
(or have been reinvented) in animals and plants 
with their contrasting, although sometimes sur- 
prisingly similar, reproductive and _ biological 
strategies. In mammals, zygotic reprogramming 
is broadly conserved, although there may be 
some differences in timing or extent; by contrast, 
Xenopus does not appear to show demethylation 
of the paternal genome (52). Hypomethylation 
of PGCs is also seen in human and pig fetal 
development but has not been studied in non- 
mammalian organisms. Global DNA demethyl- 
ation in PGCs and paternal demethylation in the 


29 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on October 28, 2010 


zygote may occur primarily in mammals (and 
in the central cell in seed plants) that also have 
imprinting whose mechanism is based on DNA 
methylation. Clearly, demethylation in PGCs is 
necessary for erasure of imprints so that new im- 
prints can later be established properly, accord- 
ing to the sex of the germ line (Fig. 2). Plants do 
not seem to erase imprints; instead, they estab- 
lish them by demethylation of the maternal 
genome in the endosperm after fertilization (with 
the endosperm being comparable to the placen- 
ta) (Fig. 1). Perhaps there are as yet undiscov- 
ered imprinted genes that acquire parent-specific 
methylation patterns by (paternal) zygotic demeth- 
ylation, in analogy to plants. 

A second group of genes where demethylation 
in PGCs seems important are the germ line— 
specific genes (e.g., Daz/, Vasa) that have spe- 
cialized functions, for example, in meiosis and 
germ cell differentiation. These genes are gen- 
erally demethylated and expressed in germ cells, 
but in early PGCs they are methylated and si- 
lenced. Genes that are demethylated in PGCs 
include those with a role in transposon control; 
Tex19.1, for example, silences members of the 
ERVK transposon family (53). Hence, global 
demethylation, which in principle would lead to 
transcriptional activation and potentially to trans- 
position of active transposon families, at the same 
time activates defense mechanisms against trans- 
posons that are not needed in somatic cells where 
transposons are methylated. An extreme view 
of this scenario is the possibility that demethyl- 
ated transposons produce small RNAs, which in 
turn lead to de novo methylation and renewed 
silencing of transposons (Fig. 1) (24). Although 
it may sound paradoxical, reprogramming may 
have an important role in resetting the perma- 
nent silencing program for transposons across 
generations. Also, the fact that AID has a role in 
the erasure of methylation in PGCs is interesting 
in connection with roles of APOBEC deami- 
nases in innate immunity and transposon con- 
trol, establishing another potential link between 
the two. 

The extent of methylation reprogramming 
in PGCs is substantial, and this limits the poten- 
tial in mammals for epigenetic transgenerational 
inheritance. By contrast, in plants where epige- 
netic reprogramming may not occur to such an 
extent in the germ line, examples of stable in- 
heritance of epialleles over multiple genera- 
tions are more common (54). In Caenorhabditis 
elegans, histone demethylation in the germ line 
is needed to prevent accumulation of aberrant 
epigenetic marks that interfere with normal 
physiology and limit life span (55). By analogy, 
epigenetic reprogramming in mammalian PGCs 
or early embryos may be important to prevent 
the accumulation of potentially detrimental epi- 
alleles, which could otherwise cause chronic dis- 
eases and limit life span in human populations. 
The inheritance of histone marks and of small 


RNAs potentially through both oocyte and sperm 
might also contribute to epigenetic inheritance 
and to reprogramming across generations in ani- 
mals and in plants (24, 25, 56-59). 

Finally, epigenetic reprogramming is linked 
to regaining pluripotency and, following that, 
lineage commitment. Early PGCs and cells in 
the early embryo are pluripotent, and these cells 
as well as the stem cell lines that can be isolated 
from them [ES and EG (embryonic germ) cells] 
have unique epigenetic signatures, which are at 
least in part the outcomes of reprogramming. 
For example, some of the key pluripotency 
transcription factors (such as Nanog) are meth- 
ylated in sperm but not in ICM (inner cell mass) 
or ES cells, so their demethylation is important 
for the acquisition of pluripotency (43); in the 
absence of the highly expressed gene encoding 
TET1 (which hydroxylates 5mC), the Nanog 
gene is repressed and its promoter becomes 
methylated (60). 

One final epigenetic parallel between mam- 
mals and plants is worth highlighting. After de- 
methylation in the early mammalian embryo, 
selective de novo methylation occurs in ICM 
cells and their descendants, which is important 
for the identity and stability of embryonic lineages 
(28), whereas the placenta remains hypometh- 
ylated at the genome-wide level (3/). Similarly, 
genome-wide demethylation in the plant endo- 
sperm but not the embryo (20, 2/) indicates that 
epigenetic regulation between the two primary 
lineages (embryonic, extraembryonic) is funda- 
mentally different, with this difference appar- 
ently being conserved—or reinvented—in plants 
and animals. 
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PERSPECTIVE 


Paramutation's Properties and Puzzles 


Vicki L. Chandler 


Paramutation refers to the process by which homologous DNA sequences communicate 

in trans to establish meiotically heritable expression states. Although mechanisms are unknown, 
current data are consistent with the hypothesis that the establishment and heritable transmission of 
specific chromatin states underlies paramutation. Transcribed, noncoding tandem repeats and 
proteins implicated in RNA-directed transcriptional silencing in plants and yeast are required for 
paramutation, yet the specific molecules mediating heritable silencing remain to be determined. 


Ileles interact to establish heritable expres- 
As states in classic examples of para- 

mutation, such as the well-studied b/ 
locus in maize, which affects variation in col- 
oration (Fig. 1). Paramutation-like interactions 
also can occur between transgenes or transgenes 
and endogenous genes and have been observed in 
multiple species [see (/—3) for recent reviews]. 

The nature of the interaction that leads to 
paramutation is unknown, but several lines of 
evidence suggest a role for RNA. The strongest 
evidence is that genetic screens for mutants un- 
able to undergo paramutation identified several 
genes with homology to proteins that mediate 
RNA-directed transcriptional silencing (3). In 
Arabidopsis, transcriptional silencing of endog- 
enous genes or transgenes can be mediated by 
24-nucleotide (nt) siRNA (short interfering RNA) 
that target homologous sequences for silencing, 
which correlates with DNA cytosine methyla- 
tion and histone modifications characteristic of 
heterochromatin (4). This pathway in Arabidopsis 
is referred to as RNA-directed DNA methylation 
(RdDM) or RNA-directed transcriptional silenc- 
ing (4). In Schizosaccharomyces pombe, tran- 
scriptional silencing of mating-type loci and genes 
within centromeres is mediated by an RNA in- 
terference (RNAi)-heterochromatin pathway that 
shares several protein components with the RDM 
pathway in Arabidopsis (5). 

Additional data consistent with a role for RNA 
in paramutation is that the sequences mediat- 
ing paramutation are transcribed noncoding tan- 
dem repeats (/, 3). In both cases where the key 
sequences required for paramutation have been 
identified, they are either contiguous tandem 
repeats (Fig. 1) or direct repeats flanking unre- 
lated sequences (3). These repeats contain en- 
hancer sequences and are transcribed (/, 3). At 
the b/ locus, paramutation strength is correlated 
with the number of tandem repeats (/) because 
alleles with five to seven repeats exhibit strong 
paramutation, alleles with three repeats are in- 
termediate, and alleles that do not participate in 
paramutation have only one copy. It is intriguing 
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that repeats are also present within centromeres, 
transposons, and transgenes, which are also sub- 
ject to RNA-directed transcriptional silencing 


(4, 5), suggesting that underlying mechanisms 
regulating these elements may be shared with 
paramutation. 

The b/ tandem repeats are transcribed on 
both strands and generate 24-nt siRNAs (3, 6). 
Given the Arabidopsis RADM pathway (4), these 
b] repeat siRNAs are candidates for a direct role 
in paramutation, yet they are not sufficient to 
establish silencing, as evidenced by the fact that 
24-nt siRNAs are produced from the single repeat 
unit in b/ alleles that cannot induce silencing (6). 
The observation that a transgene, which produces 
b] repeat hairpin RNA and 24-nt siRNAs inde- 
pendently of B’ can change B-/ into a B’-like 
allele (6) suggests that either double-stranded 
hairpin RNA or 24-nt siRNAs from the repeats 
are somehow mediating paramutation. One spec- 
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Fig. 1. Properties of b1 paramutation. (A) B-/ and B’ phenotypes (dark and light colored plants, respectively) 
and diagrams of the b7 locus and associated regulatory regions; because maize is diploid, the two diagrams 
for each plant represent the two alleles. The b2 locus (white box labeled b2) encodes a transcription factor 
that activates the anthocyanin biosynthetic pathway, which produces purple coloration. When 51 is highly 
transcribed (B-/, thick arrow above white box), a dark purple plant is observed. When transcription is low (B’, 
thin arrow above white box), a lightly pigmented plant is observed. B-/ and B' have identical DNA sequences, 
including seven tandem copies of an 853—base pair (bp) repeat unit, located ~100 kb upstream of the b1 
coding region [indicated by seven black arrows within green (B-/) or red (B') blocks]. The green and red blocks 
symbolize the distinct chromatin structures within the repeats (7) in B-/ and B’, respectively. Extensive data 
demonstrate that the tandem repeats are required for b1 paramutation and the high expression in B-/ (1, 3). 
The repeats have not been found elsewhere in the maize genome and are transcribed noncoding sequences 
that produce 24-nt siRNAs in both alleles (3, 6). (B) The result of crossing B-/ and B’ is that B-/ is always 
changed into B' by unknown mechanisms. The diagram portrays a two-step process (orange arrows), such that 
before establishment of paramutation both B-/ and B' epigenetic states exist (left). Paramutation is established 
between early embryogenesis and the formation of 10 leaf primordia (8) through unknown mechanisms 
mediated by the repeats (symbolized by the double-headed gray arrow), resulting in B-/ being changed into B’ 
(right). The new B’ allele (B-/ in the previous generation) is denoted B", is mitotically and meiotically stably 
silenced, and is as capable as B’ at changing B-/ into B’ in subsequent generations (not diagrammed). 
[Modified from a drawing by M. Arteaga-Vazquez and J. E. Arteaga-Vazquez (3)] 
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ulation is that repeat RNAs are the targeting sig- 
nal, but whether the RNA signal (either siRNAs 
or larger RNAs) is received depends on the 
chromatin state of the alleles, which has been 
shown to differ between B-/, B’, and the single- 
copy repeat alleles that do not undergo para- 
mutation (7). Another hypothesis that is not 
mutually exclusive is that differential production 
of paramutation-associated RNAs occurs in 
developing embryos (6), where paramutation is 
established (8) and where RNAs have not yet 
been examined. This latter hypothesis is exciting 
given that cis- and trans-acting small RNAs 
regulate epigenetic changes during gametogen- 
esis, fertilization, and early zygotic development 
in multiple species (9). 

Although the above evidence supports a role 
for RNA, other factors, such as protein-DNA in- 
teractions, could also be involved. For example, 
interactions between proteins that bind to the b/ 
tandem repeats might mediate communication 
between alleles. Data consistent with that idea 
are that a transgene overexpressing a protein that 
binds to the b/ tandem repeats and forms mul- 
timers, inducing a B'like state in B-/ (/0). Another 
possible model, frequently discussed, is that the 
alleles communicate through DNA pairing (J/, 2). 
Although there is no experimental evidence dem- 
onstrating a role for DNA pairing, there is no 
evidence eliminating it either. It is of course po- 
ssible that RNA, DNA, and protein interactions 
are all required for paramutation. 

Why are repeats required for paramutation? 
Tandem repeats create a characteristic sequence 
at their junctions relative to single-copy sequences; 
the b/ tandem repeat junctions have distinct chro- 
matin structures, which have been hypothesized 
to affect silencing (7), potentially through spe- 
cific proteins or RNAs that associate with these 
sequences. It has also been suggested that RNAs 
synthesized from repeats, but not a single-copy 
sequence, trigger silencing (6). A model proposed 
to explain how centromeric tandem repeats main- 
tain heterochromatin silencing (//) offers an hy- 
pothesis for how tandem repeats could generate 
a distinct pool of RNAs relative to nonrepeats. 
That model suggests a mechanism by which 
multiple cycles of amplification of RNAs from 
tandem repeats [as outlined in (9)] results in 
distinct populations of RNA that span the full 
repeat sequence, as compared to RNA ampli- 
fication from dispersed copies or single-copy 
sequences that have reduced sequence complex- 
ity (//). 

Once paramutation is established (8), it is 
maintained through mitotic and meiotic cell 
divisions. Although the nature of the heritable 
molecule(s) is unknown, it is unlikely to be b/ 
tandem repeat siRNAs, as mitotic silencing is 
maintained when a mutation dramatically re- 
duces these siRNAs in juvenile and adult tissues 
(3). Analyses of cytosine methylation and his- 
tone modifications in B-J and B' revealed more 


cytosine methylation within the b/ tandem re- 
peats in B’ relative to B-J (7), whereas histones 
associated with the b/ repeats in both alleles did 
not carry modifications characteristic of silent 
chromatin. Future studies on the paramutation 
properties of mutants impaired in DNA methyl- 
ation and various histone modifications should 
shed light on the potential role for these marks 
in paramutation. The observations that RdDM in 
Arabidopsis is associated with cytosine methyl- 
ation and heterochromatin histone modifications 
(4), yet paramutation does not occur between 
RdDM silenced alleles (see below), leads to the 
speculation that paramutation involves addition- 
al mechanisms, such as RNA or proteins that 
remain associated with the b/ repeats during 
mitosis and meiosis. 

It is puzzling that RNAi-mediated heterochro- 
matin in S. pombe and RdDM-silenced genes in 
Arabidopsis do not undergo paramutation (4, 5). 
For example, specific alleles of b/ and FWA in 
Arabidopsis are both silent when cytosine resi- 
dues of the respective tandem repeats are meth- 
ylated and active when hypomethylated. In both 
systems, the tandem repeats required for silenc- 
ing are transcribed and produce small RNAs re- 
gardless of whether the alleles are active or silent. 
The methylated, silenced FWA allele can initiate 
trans methylation of an unmethylated transgene, 
yet, unlike the maize paramutation system, the 
unmethylated allele segregates normally and is 
active and unchanged (/2). It is unclear whether 
the “natural” active FWA allele is protected from 
silencing, or the transgene is hypersensitive to 
silencing, or both (/2). Additionally, the mech- 
anism that makes B-/ in maize highly sensitized 
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to silencing is also unknown, although several 
hypotheses have been proposed (/3). 

The relationship with other RNA silencing 
pathways suggests that paramutation, despite 
being rare, may underlie fundamental mechanisms 
for gene regulation (2). Speculations on potential 
roles and consequences include that paramuta- 
tion provides an adaptive mechanism through the 
transfer of favorable expression states to progeny, 
that paramutation could be a mechanism for es- 
tablishing functional homozygosity in polyploids, 
and that it might function in inbreeding depres- 
sion and hybrid vigor or inheritance associated 
with complex human diseases (/3). 

Independent of paramutation’s function or 
frequency, our understanding of its mechanisms 
should shed light on potentially novel mech- 
anisms for transmitting epigenetic information 
across generations. 
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PERSPECTIVE 


Epigenetics in the Extreme: 
Prions and the Inheritance of 
Environmentally Acquired Traits 


Randal Halfmann?? and Susan Lindquist 


1,2,3% 


Prions are an unusual form of epigenetics: Their stable inheritance and complex phenotypes come 
about through protein folding rather than nucleic acid—associated changes. With intimate ties to 
protein homeostasis and a remarkable sensitivity to stress, prions are a robust mechanism that 
links environmental extremes with the acquisition and inheritance of new traits. 


passes all mechanisms for the inheritance of 

biological traits that do not involve alterations 
of the coding sequence of DNA (/). Considered 
elsewhere in this issue are well-known epigenetic 
mechanisms that control access to DNA by mod- 
ifying nucleotides or associated histones, or in- 
volve the transmission of information through 


I: its modern usage, “epigenetics” encom- 


RNA. Here, we discuss an extreme case of 
epigenetic inheritance with a mechanism that is 
not based on heritable changes in nucleic acid. 
Instead, it is based on robust self-propagating 
changes in the folding of certain proteins known 
as prions. 

Prions operate outside the canonical steps of 
molecular biology’s central dogma. As protein- 
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based elements of inheritance, prions perpetuate 
not by changing the way that genetic informa- 
tion is transcribed or translated but rather by co- 
opting the final step in the decoding of genetic 
information—protein folding. A key feature of 
prion-forming proteins is their ability to exist in 
very different stable conformational states. In addi- 
tion to a “native” nonprion conformation, they 
occasionally fold into a prion conformation that 
then replicates itself by templating the conforma- 
tional conversion of other molecules of the same 
protein. These changes in conformation profound- 
ly alter the functions of the proteins involved, 
resulting in phenotypes specific to each determi- 
nant protein. 

The idea that proteins could transmit infor- 
mation in a manner analogous to nucleic acids 
was first conceived to explain baffling infectious 
neurodegenerative diseases (such as Kuru and 
mad cow disease) (2). As evidence accumulated 
that these diseases did not require nucleic acids 
for transmission, the infectious agent was postu- 
lated to be a self-replicating protein. It is now clear 
that the prion does not synthesize itself from 
individual amino acids. Rather, it is a host-encoded 
protein in a conformation that is profoundly dif- 
ferent from normal. The prion “replicates” simply 
by templating that conformation to other molecules 
of the protein. The initially mysterious and contro- 
versial nature of infectious prions created a stir that 
even today sometimes overshadows what we be- 
lieve is a far more interesting aspect of prion biology: 
the ability of proteins to serve as elements of 
heredity. 

In the baker’s yeast Saccharomyces cerevisiae, 
prions create dominant cytoplasmically trans- 
mitted traits that are, in contrast to the original 
disease-causing prion in mammals, often advan- 
tageous to the organism (3). Most biochemically 
characterized prion proteins have a modular prion- 
forming domain that is highly disordered in its 
native state (4, 5). The extreme flexibility of these 
domains facilitates their occasional conversion to 
a self-propagating conformer, which for most 
prions is a well-ordered fibrillar protein polymer, 
or amyloid. De novo prion formation appears to 
proceed through a high-energy oligomeric nu- 
cleus that is stabilized by interacting with, and 
converting, other prion proteins to the same con- 
formation (Fig. 1A) (4, 6, 7). The elongating 
prion polymer is then severed into smaller, ac- 
tively growing pieces by the action of protein 
remodeling factors such as the disaggregase 
Hsp104 (8). Lastly, the resulting fragments are 
disseminated to daughter cells, ensuring the sta- 
ble inheritance of the self-perpetuating prion tem- 
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plate through round after round of cell division. 
Indeed, prions are stable even during mating and 
meiosis, allowing their transmission through the 
germ line. Prion states are not irreversible, how- 
ever. Random fluctuations in prion dissemination 
to daughter cells, as well as changes in the ac- 
tivities of remodeling proteins and other factors, 
can generate daughter cells with the original 
nonprion state (Fig. 1B). 

To date, at least nine different proteins are 
known to form prions in S. cerevisiae (3, 9), and 
an additional 18 have experimentally verified prion- 
forming domains (5). The best understood prion 
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protein, Sup35, is a translation termination factor 
whose ability to form prions has been conserved 
for hundreds of millions of years of fungal evolu- 
tion (0). When Sup35 switches to a prion state, 
its ability to function in translation is compromised, 
leading to increased stop codon read-through and 
ribosome frame-shifting (Fig. 2) (//, 12). The 
resulting changes in gene expression have di- 
verse phenotypic effects, including alterations 
in cell-adhesion, nutrient use, and resistance to 
various toxins and antibiotics (/2, 73). Impor- 
tantly, these phenotypes differ in different strain 
backgrounds, presumably because of genetic 
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Fig. 1. Prion epigenetics. (A) The “life cycle” of a yeast amyloid prion. Soluble nonprion conformers in 
[prior’] cells occasionally fold into an oligomeric amyloid nucleus, which then grows by sequestering 
additional nonprion conformers and templating their conformational conversion. The resulting prion 
particle divides into smaller transmissible pieces through the action of protein-remodeling factors such as 
Hsp104. The prion particles are disseminated to daughter cells during cell division. (B) Prion formation 
and loss are promoted by stress, and this provides a mechanism for the acquisition of heritable 
phenotypes in response to environmental changes. [prion’] cells are well adapted to environment 1, but 
are poorly adapted to environment 2. When the environment changes, stress-induced changes in protein 
homeostasis result in an increased frequency of prion appearance ([PRION*] cells) and consequently the 
exploration of new phenotypes. Some phenotypes revealed by prions provide a fitness advantage in 
environment 2, so that [PR/ON*] cells survive and proliferate. The occasional loss of prion states—a 
process that is also increased by stress—ensures that [prion ] cells will be available when conditions 


return to normal (environment 1). 
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Loss of function: 
[PSI*] stop codon readthrough 
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Fig. 2. Prion phenotypes can result from either a loss of function or a gain of function when the prion 
protein acquires its prion conformation. (Left) The [PS/*] prion conformation of the translation 
termination factor Sup35 prevents it from associating with ribosomes. This results in the translational 
read-through of stop codons and corresponding C-terminal extensions that alter the activities of newly 
synthesized proteins. (Right) The Rnq1 protein, in its prion state, acquires the ability to induce other 
proteins, such as Sup35, to convert to their own prion states. 


variation in sequences downstream of stop 
codons that are silent in the absence of the 
prion. 


Prions Diversify Protein Function 


Many prion phenotypes result from qualitative 
changes in protein function. Because function is 
dictated by structure, the refolding of a poly- 
peptide into its prion form can dramatically alter 
the nonprion function and can even create gains 
of function. Aside from the ability to template 
their own conformational changes through homo- 
typic interactions, some prion conformers form 
new interactions with other proteins. For example, 
the prion form of the HET-s protein in the fil- 
amentous fungus Podospora anserina interacts 
with an allelic variant of the same protein that is 
itself incapable of forming prions. This interac- 
tion is the basis of a self-/nonself-discrimination 
system that reduces the spread of parasitic cyto- 
plasmic elements (/4). Likewise, the prion form 
of the S. cerevisiae Rnq]1 protein has the ability to 
interact with other prion-forming proteins. In this 
case, the interaction stimulates those proteins to 
convert to their own prion states (Fig. 2) (8). 
Another example of functionality gained in the 
prion state is that of the S. cerevisiae transcrip- 
tional regulator Sfp1. In this case, prion forma- 
tion causes resistance to translation inhibitors 
and, remarkably, increases the cells’ growth rate 
on rich media—phenotypes distinct from those 
of the nonprion state and opposite those of the 
genetic knockout of Sfp1 (9). 


Prions Respond to Environmental Extremes 


The way that proteins fold and interact with other 
proteins is very sensitive to environmental stress 
and the status of the protein-folding machinery. 
Abrupt changes in temperature, pH, and intracel- 
lular metabolites can have immediate conse- 
quences for protein folding and the regulation of 
protein chaperones and protein-remodeling factors. 
Not surprisingly then, environmental stresses also 
dramatically increase rates at which prions appear 
and disappear (/3). The more extreme the stress, 
the greater the frequency of prion switching— 
hence, a second meaning invoked by this Perspec- 
tive’s title: “epigenetics in the extreme.” In this 
way, prions connect environmental stresses with 
an unusual type of phenotypic plasticity that 
could improve an organism’s ability to adapt to 
altered environments. When organisms experi- 
ence protein homeostatic stress—which will 
commonly occur when they are poorly adapted 
to their environment—increases in protein “mis- 
folding” and concomitant prion formation will 
facilitate the exploration of alternative pheno- 
types (Fig. 1). Indeed, we postulate that the ac- 
celerated appearance of prions in response to 
stress constitutes an evolved bet-hedging strat- 
egy: It allows a fraction of cells to try new 
phenotypes that, with reasonable frequency, 
prove beneficial (3, /5). The self-sustaining 
nature of prions ensures that successful strat- 
egies are immediately heritable to subsequent 
generations. Prions, then, are a quasi-Lamarckian 
(J, 16) mechanism that connects environmental 
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conditions to the acquisition and transgenera- 
tional inheritance of new traits. 


Prions Allow for the Sudden Appearance 
of Complex Traits 


Complex evolutionary adaptations are the pro- 
duct of multiple interacting genetic loci (17). A 
plausible mechanism for the appearance of complex 
adaptations is phenotypic capacitance. Phenotypic 
capacitance is a property of certain biological 
systems that allows for the accumulation of genetic 
variation in a silent form, followed by its sudden 
stepwise release to create new phenotypes (/8). 
Because prions allow cells to switch between two 
distinct and heritable physiological states, they 
provide one of the clearest examples for the 
reversible expression of natural genetic variation. 
In contrast to other mechanisms for genetically 
encoded stochastic phenotypic variation, such as 
Hsp90-buffered protein folding and variably 
methylated CpG islands (/9), newly revealed 
prion-based phenotypes are immediately and 
robustly heritable. These traits can ultimately 
become hardwired by subsequent genetic changes, 
as demonstrated for phenotypes revealed by Sup35 
prion formation (/2). This observation provides 
experimental validation for the conjecture of 
West-Eberhard that in some cases genes may 
be followers rather than leaders in evolution 
(20, 21). 

Yeast prions are well-positioned to alter the 
phenotypic effects of genetic variation. The ap- 
proximately two dozen prionogenic proteins dis- 
covered to date in yeast are enriched for proteins 
with information-processing functions, including 
transcription factors and RNA-binding proteins 
(3, 5). Some, such as Swil, Cyc8, and Sfp1, are 
globally acting transcriptional regulators of a large 
fraction of the yeast genome (9, 22, 23). Others, 
such as Puf2, Ptr69, and Publ, act posttranscrip- 
tionally on the stabilities of hundreds of function- 
ally diverse mRNAs (24). Because of the large 
number of regulatory targets of these proteins, 
reductions or alterations in their activities resulting 
from their conversion to a prion conformation can 
have large, and complex, phenotypic effects. Im- 
portantly, these effects also change the strength of 
the selective pressures that act on prion targets, 
resulting in these target sequences diverging at 
different rates when expressed under the prion 
versus nonprion states. As a consequence, prion- 
revealed phenotypes will tend to differ between 
genetic backgrounds (/2). Thus, prions create 
phenotypic diversity on two levels: Within iso- 
genic populations, they create distinct physiolog- 
ical states (prion versus nonprion), and within 
genetically diverse populations, they enhance the 
effects of genetic variation between lineages. 


A Wider Range of Prion Phenomena? 

In multicellular organisms, developmental signals 
trigger the epigenetic switches that drive cell dif- 
ferentiation. These switches parallel prions in 
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that both respond (directly or indirectly) to 
changes in the extracellular environment. In S. 
cerevisiae, chromatin-remodeling factors such as 
Swil and Cyc8 participate in epigenetic deci- 
sions that govern, for example, whether the cells 
grow as unicellular or as cohesive multicellular 
forms (25). That Swil and Cyc8 also form prions 
suggests a possible functional link between 
chromatin-based and prion-based regulatory strat- 
egies. In higher eukaryotes as well, prion-like 
switches may be involved in cell-remodeling pro- 
cesses. During memory formation, individual syn- 
apses must acquire a durable molecular “mark” 
that establishes—among the many hundreds of 
such marks most neurons carry—the individual 
long-term maintenance of that synapse. One pro- 
tein contributing to this mark, neuronal cytoplasmic 
polyadenylation element-binding protein (CPEB), 
appears to undergo a prion-like conformational 
switch that can activate translation of synaptic 
mRNAs while simultaneously creating a nondiffus- 
able self-sustaining aggregate that can act as a molec- 
ular memory (26). We fully expect that many such 
prion-like physiological switches await discovery as 
our abilities to characterize protein complexes 
and protein aggregates in vivo continue to improve. 

A large array of regulatory strategies influ- 
ences protein folding and may in the future prove 
to blur distinctions between prions and other epi- 
genetic mechanisms for perpetuating phenotypes. 
Covalent modifications, including disulfide forma- 
tion, phosphorylation, ubiquitination, and glyco- 
sylation, as well as protein-protein interactions 
(such as chaperone binding and prion templating), 
can all profoundly change protein-folding land- 
scapes and/or the activity of folded proteins. All of 
these forms of regulation can theoretically give rise 
to self-sustaining heritable—that is, epigenetic— 
states. In fact, examples of these types of heritable 
factors now include an autoactivatable kinase, an 
autoactivatable protease, and a prion that appears to 
result from the interaction of two separate proteins 
involved in glucose signaling (2/, 27). 


The Origins of Prions 

The propensity of proteins to misfold and aggre- 
gate is probably as ancient as protein-based life 
forms themselves. Indeed, most polypeptides have 
an inherent tendency to form self-templated amyloid 
structures (28). Prion-forming proteins are unusual 
in having a conformational flexibility that allows 
access to the amyloid fold under physiological con- 
ditions (5, 29). This property derives in part from a 
greatly reduced amino acid complexity as com- 
pared with that of globular proteins (5, 30). We 
suggest that primordial proteins would have had 
similarly simple sequences, resulting in an elevated 
tendency to form self-perpetuating structures. Fur- 
ther, early biological systems would have lacked 
elaborate protein-folding machinery whose primary 
modem role is the prevention of protein aggregation. 
Without strong control over the important final step 
in the processing of gene-encoded information— 
protein folding—ancient polypeptides would have 
unencumbered access to self-perpetuating prion 
states. We speculate that prion formation by an- 
cient proteins may have played a central role in the 
molecular evolution of early biological systems. 

Our increasing awareness of prion phenome- 
na highlights the fact that protein folding is not 
always uniquely specified by an amino acid se- 
quence but instead provides a rich substrate for 
epigenetic determination of the map between 
genotype and phenotype. Beyond our speculative 
thoughts about early life, we suggest that prions 
are not simply elements of disease transmission 
but make distinct contributions to the flow of ge- 
netic information that are likely to profoundly 
influence the adaptive success, and therefore the 
evolution, of prion-containing organisms. 

Note added in proof: The study by Derdowski 
et al. (31) adds another temporal dimension to 
the phenotypic heterogeneity conferred by prions. 
That the numbers of prion particles and the strength 
of their associated phenotypes increase as cells age 
suggests an accelerated exploration of altemative 
phenotypes among cells that have little left to lose. 
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Magnitude of the 2010 Gulf 
of Mexico Oil Leak 


Timothy J. Crone?* and Maya Tolstoy” 


15 July 2010 after flowing oil at the sea- 

floor for approximately 84 days. A full 
accounting of the oil released will be required in 
order to fully understand the environmental and 
ecological impacts of this disaster. One method for 
determining this volume is to measure the flow at 
the discharge sites and integrate these measure- 
ments over time. We used optical plume velocim- 
etry (OPV) to estimate the mean velocity of fluids 
issuing from the well with videos from before and 
after the removal of the collapsed riser pipe from 
the blowout preventer. We analyzed two short 
(20 to 30 s) high-resolution video sequences (/) 
representing each regime. We focused our anal- 
yses on flow near the nozzle, where momentum 
forces are dominant and velocities scale linearly 
with the average nozzle rate (2). In this part of the 
flow, differences between the image velocity and 
the average flow rate at the nozzle can be ac- 
counted for with a constant “shear layer” cor- 
rection factor (2), and the median image velocity 
can be used to determine flow rate. 

In the study of fluid dynamics, spatial cross- 
correlation methods (e.g., particle image velocime- 
try) are often used to calculate the image velocity 
field. However, such methods can yield velocities 
that are significantly lower than expected with this 
kind of flow (2). OPV was developed for measuring 
flow rates in seafloor hydrothermal systems (3) and 
uses temporal instead of spatial cross-correlation. 


T: Deepwater Horizon well was sealed on 
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Interpolated temporal cross-correlation functions of 
image intensity are calculated across the entire 
region of interest for pixel pairs separated by some 
distance horizontally and vertically. The distance 
is chosen on the basis of the direction of flow, the 
frame rate, and the resolution of the imagery. To 
increase accuracy, the separation is then refined 
so that the distance is maximized while ensuring 
that the signals still correlate (2). The lag value 
corresponding to the maximum of each cross- 
correlation function defines the time (in frames) 
required for flow features to traverse the distance 
defined by the pixel separation. In this way, a 
velocity (in pixels/frame) can be calculated at every 
pixel within the region of interest (Fig. 1A). 

After the riser was removed, the flow was sep- 
arated into two flows, one lighter and one darker in 
color (Fig. 1A and fig. S1), which we analyzed 
separately. Figure S2, A and B, shows the distribu- 
tion of the image velocity magnitudes for the lighter 
and darker colored flows, which have median values 
of 13.6 and 9.43 pixels per frame, respectively. As- 
suming the smaller lighter-colored flow comprised 
10% of the cross-sectional area of the riser pipe (4), 
we calculated an effective image velocity magni- 
tude of 9.85 pixels/frame for the entire flow. 

With a spatial resolution of 3.85 pixels/cm (fig. 
S1), a video frame rate of 30 frames/s, and a shear 
layer correction factor of 2.10 (5), we contoured the 
volumetric flow rate from this leak over a range of 
image velocities and effective flow diameters (Fig. 
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Fig. 1. (A) Colored contours of image velocity 
magnitude in pixels/frame. Areas of the image not 
hosting flow or containing values outside the mea- 
surable range are masked. The dashed boxes indi- 
cate the two areas used in our analyses. (B) Contours 


of volumetric flow rate in barrels/day (m7/s) over a range of image velocities and effective flow diameters. 
Values associated with the lighter and darker flows are indicated with gray dots. The value calculated for the 
combined flow is shown with a black dot. Vertical error bars indicate the 12% combined uncertainty 
associated with the image resolution, the median image velocity, and the shear layer correction factor, and 
horizontal error bars indicate the 3% uncertainty associated with the area estimate (6). For a more detailed 


version, see fig. $3. 


1B and fig. S3). Assuming the fraction of liquid oil 
in this fluid was 0.4 (6), we estimated the average 
flow rate after riser removal to be 9.3 x 10° and 
5.8 x 10* barrels/day (1.7 x 10° and 1.1 x 107 
m’/s) for the lighter and darker flows, respectively, 
or 6.8 x 10* barrels/day (1.2 x 10' m/s) total. 
Our analysis from before riser removal (figs. S4 to 
87) yielded a flow rate of 5.6 x 10* barrels/day 
(1.0 x 10' m/s). Because leaks at the kink 
above the blowout preventer were not included, 
this total is likely an underestimate. Thus, we 
cannot say with certainty that flow rates 
increased after riser removal. 

Aside from temporal variability, we estimated 
the total combined uncertainty to be about 19 and 
21% for the flows before and after riser removal (6). 
It was not possible to quantify temporal variability 
with the available data; however, changes were 
likely. Temporal variability may have been induced 
by variations in the gas content of the fluid, changes 
in the well integrity or abrasion of components with- 
in the system, changes in the formation pressure, or 
changes in the size and number of openings in the 
riser wall at the kink. Assuming a constant flow rate 
and subtracting the 804,877 barrels of oil (127,965 
mm) collected at the seafloor (7), we estimated that 
the total oil released from the Deepwater Horizon 
leak was 4.4 x 10° + 20% barrels (7.0 x 10° m’). 
This estimate may be refined if additional video al- 
lows the temporal variability to be assessed or the 
flow from the secondary leaks to be added. De- 
spite the uncertainties, it is clear that this oil release 
exceeds the Exxon Valdez spill by about an order 
of magnitude, with flow rates at least one order of 
magnitude higher than initially reported. 
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Structure of a Eukaryotic CLC 
Transporter Defines an Intermediate 
State in the Transport Cycle 


Liang Feng, Ernest B. Campbell, Yichun Hsiung, Roderick MacKinnon* 


CLC proteins transport chloride (Cl-) ions across cell membranes to control the electrical potential 
of muscle cells, transfer electrolytes across epithelia, and control the pH and electrolyte 
composition of intracellular organelles. Some members of this protein family are Cl” ion channels, 
whereas others are secondary active transporters that exchange Cl ions and protons (H*) with a 
2:1 stoichiometry. We have determined the structure of a eukaryotic CLC transporter at 3.5 
angstrom resolution. Cytoplasmic cystathionine beta-synthase (CBS) domains are strategically 
positioned to regulate the ion-transport pathway, and many disease-causing mutations in human 
CLCs reside on the CBS-transmembrane interface. Comparison with prokaryotic CLC shows that a 
gating glutamate residue changes conformation and suggests a basis for 2:1 Cl/H* exchange and 
a simple mechanistic connection between CLC channels and transporters. 


LC proteins form a large family of mem- 
( brane proteins that transfer chloride ions 

across cell membranes. Present in all king- 
doms of life, existing in both surface and intra- 
cellular membranes, CLCs mediate a wide range 
of physiological processes (/, 2). In muscle, they 
govern resting membrane potential; in kidneys, 
they facilitate transepithelial fluid flow; and in 
intracellular compartments, they control pH through 
coupled Cl/H* exchange (2-5). Mutations of CLC 
proteins underlie numerous inherited diseases 
including myotonia congenita, Bartter’s syndrome, 
Dent’s disease, osteopetrosis, retinal degeneration, 
and lysosome storage diseases (2, 5). 

CLCs are divisible into two subgroups, Cl 
channels and secondary active transporters (6). 
The channels catalyze passive diffusion down the 
CI electrochemical gradient, whereas the trans- 
porters (CI /H™ exchangers) actively couple Cl” 
movement in one direction to H’ movement in 
the opposite direction (6—/0). Thus, in the trans- 
porters, “downhill” movement of one ion can drive 
“uphill” movement of the other. Even though 
channels and transporters catalyze energetically 
different reactions, conservation of specific amino 
acids informs us that these functionally distinct 
CLC subgroups must share the same basic archi- 
tecture (//—/3). 

CLC proteins are homodimers with a separate 
ion pathway within each subunit (/4, /5). The 
two pathways act largely independently, but in 
some channels, they cooperate to turn on and off 
simultaneously (/6). Each subunit of the dimer 
consists of a transmembrane (TM) component, 
which forms the ion pathway, and, in eukaryotic 
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CLCs, a cytosolic cystathionine beta-synthase 
(CBS) domain component, which affects mem- 
brane localization and regulates the TM compo- 
nent (/7—22). 

Crystal structures of two closely related pro- 
karyotic CLC-transporter proteins have been de- 
termined (/5, 23). These have defined the protein 
architecture within the membrane, including Cl” 
binding sites along the ion-transport pathway, but 
they have not yet provided a clear mechanism for 
CI/H' exchange, an explanation for the exchange 
stoichiometry of two CI ions for one H*, or a 
plausible hypothesis for understanding how CLCs 
can encode both channels and secondary active 
transporters. Moreover, the prokaryotic trans- 
porters of known structure do not contain the 
CBS domains found in all eukaryotic CLCs (2). 
The many disease-causing mutations discovered 
within the CBS domains and the effects of site- 
directed mutations will gain a more mechanistic 
interpretation in light of a eukaryotic CLC struc- 
ture (2, 21, 24-28). 

CmCLC is a Cl/H* exchange transporter. 
To overcome the instability of eukaryotic CLCs, 
we took an approach similar to that used in the 
study of prokaryotic voltage-dependent K* chan- 
nels (29) and identified CmCLC from a thermo- 
philic red alga Cyanidioschyzon merolae (fig. S1) 
(30, 31), which migrated as a monodisperse peak 
on a size-exclusion column. On the basis of 
limited proteolysis, a final construct excluding 86 
N-terminal and 7 C-terminal amino acids was 
expressed in Trichoplusia ni insect cells and pu- 
rified for functional and crystallographic studies. 

CmCLC was reconstituted into lipid vesicles 
and studied initially with a fluorescence assay 
(Fig. 1A) (32). Vesicles loaded with 450 mM 
KCl (pH 7.4) were diluted 20-fold into an assay 
buffer containing 450 mM K* gluconate (pH 7.5). 
Under these conditions, if CmCLC is a Cl/ H™ 
exchanger, CI efflux will drive H" influx against 


D 
\ 


B 
ARF 
its concentration gradient and cause quenching of 
the fluorophore 9-amino-6-chloro-2-methoxyacridine 
(ACMA). This reaction is initiated by the addi- 
tion of the K* selective ionophore valinomycin, 
which collapses the electrical gradient built up by 
an electrogenic transporter. On the other hand, if 
CmCLC is a Cl channel, H* transport and, thus, 
a fluorescence change should not be observed. 
We first validated this assay with a known Cl /H’ 
exchanger, EcCLC (7). The robust fluorescence 
decrease observed upon addition of valinomycin 
reflects H™ influx into the vesicles driven by Cl 
efflux (Fig. 1B). Control experiments with empty 
vesicles and vesicles containing EcCLCs with a 
mutation of the “gating glutamate” [Glu'** — 
Ala!*8 (E148A) (33)], which are known to trans- 
port Cl without H” exchange activity, showed 
little fluorescence change (Fig. 1B). However, in 
assays with vesicles containing CmCLC, a clear 
fluorescence reduction was observed (Fig. 1C). 
When the gating glutamate of CmCLC was mutated 
(E210A), the fluorescence signal was minimized 
(Fig. 1C). Thus, CmCLC is a secondary active 
transporter, and Cl/H' exchange depends on the 
presence of the gating glutamate. 

The exchange stoichiometry in EcCLC and 
other CLC transporters was shown to be two Cl" 
ions to one H‘ (7, 9, 10, 34, 35). To estimate the 
exchange stoichiometry in CmCLC, we directly 
measured the CI’ concentration change and pH 
change in a flux assay developed by Miller et al. 
for EcCLC (6). We determined the initial rate of 
CI increase and H* decrease upon valinomycin 
addition in parallel under identical conditions. 
From the initial rates, the average Cl’/ H™ flux 
ratio for CmCLC is 2.25 + 0.22 (Fig. 1D). 

Structure determination. CmCLC was crys- 
tallized in space group C2 with two copies of 
the CmCLC dimer in each asymmetric unit. The 
crystals were grown in the presence of 150 mM 
CI and diffracted x-rays to 3.5 A resolution (fig. 
S2). The experimental phases were derived from 
single- and multiwavelength diffraction exper- 
iments on selenomethionine-containing crystals 
(table S1). The initial experimental map after 
solvent flattening allowed tracing of most of the 
main chain. After several rounds of model re- 
building and refinement, most of the TM com- 
ponent and part of the CBS component could be 
built with the aid of 16 selenomethionine markers. 
The remaining segments were built initially as 
polyalanine chains. To improve the model, we re- 
placed 30 amino acids throughout the protein with 
methionine in 20 CmCLC mutants and crystallized 
them with selenomethionine labels. Anomalous 
difference analysis with the selenium edge identi- 
fied 24 out of 30 mutation sites to aid in model 
building (Fig. 2A). Native plus mutant methio- 
nines provided one or more selenomethionine 
markers on almost every helix and strand and on 
some loops (Fig. 2A). By establishing the register 
and allowing the building of most of the side chains, 
this extensive labeling improved the accuracy 
and completeness of the model, which is refined 
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to working and free residuals (Rwon/Rfee) = 
0.259/0.284 (table S1). 

Molecular architecture. Each monomer of 
the CmCLC dimer contains 24 a helices and 
6 B strands (Fig. 2, B and C, Fig. 3A, and fig. 
S1). The TM monomer of CmCLC has an anti- 
parallel architecture similar to that of EcCLC 
(fig. S3A) (5). The cytoplasmic CBS domains 
share the fold characteristics of other CBS- 
containing proteins (fig. S3B) (36). Two CBS sub- 
domains on each subunit (CBS1 and CBS2) are 
related by a pseudo-twofold-symmetry axis and 
are tightly packed against each other through B 
sheets (Fig. 3, A and B). A long and ordered 
linker following the last TM helix, aR, makes 
sharp turns, crosses over CBS2, and reaches 
CBS1 (Fig. 3B). This arrangement brings CBS2 
in close proximity to the TM and places CBS1 
farther away from the membrane. As a result, the 
C-terminal end of the protein is positioned closest 
to the membrane. 

The two subunits in the CmCLC dimer are 
related by a dyad perpendicular to the membrane 
and bury an extensive interface: 3200 A? in the TM 
components and 1830 A? in the CBS-domain 
components (Fig. 2B). The CBS interface is similar 
to that observed in the isolated domain structures 
from CLC-5 and CLC-Ka and is consistent with 
extensive mutagenesis studies on other members 
of the CLC family (2/, 22, 36, 37). 

Although CmCLC and EcCLC have modest 
sequence identity (<25%), the structure of the 
CmCLC TM superimposes well onto ECCLC with 
a main-chain root mean square deviation (RMSD) 
of 1.7 A over arrange of 366 aligned residues (fig. 
S3A and fig. S4A). Helices forming the dimer 
interface superimpose best (1.2 A main-chain 
RMSD for aH, al, oP, and aQ), whereas helices 
on the perimeter farthest from the interface, par- 
ticularly oJ and aK, superimpose worst (3.2 A 
main-chain RMSD for aK and the C-terminal 
half of oJ and aM) (fig. $4, B and C). The larger 
deviations on the perimeter are mainly due to dif- 
ferences in the tilt angle of the helices. At present, 
we do not know whether these deviations reflect 
a true structural difference of equivalent confor- 
mational states or different conformations. 

Interface between the TM and the CBS. In 
some membrane proteins, for example, eukary- 
otic voltage-dependent channels of the Kv1 class, 
regulatory, or structural domains in the cytoplasm 
are loosely attached to the TM component through 
extended polypeptide chains (38). In contrast, in 
CmCLC we observe an extensive protein-protein 
interface burying 3600 A? between the CBS and 
TM components. The shape complementarity 
index is 0.69, similar to an antibody-antigen inter- 
face (39). This area and complementarity index 
suggest a highly specific interaction. 

Three structural features of the interface seem 
relevant to the role of the CBS domains in regulat- 
ing TM function. First, the polypeptide linker be- 
tween the TM and CBS not only connects the 
two together, but also makes multiple contacts 
with TM helix aR (Fig. 4A). Helix oR extends 
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Fig. 1. Analysis of CmCLC transport activity. (A) Depiction of the fluorescent-based flux assay. 
Vesicles (yellow) were loaded with a high concentration of KCl and then diluted into the flux buffer 
with a low concentration of Cl” and ACMA. Flux was initiated by addition of valinomycin. The X 
indicates that protonated ACMA does not exit. (B) Fluorescence changes for WT (red) and E148A 
mutant (blue) EcCLCs compared with empty (black) vesicles. CCCP, carbonyl cyanide m-chlorophenyl 
hydrazone. (C) Fluorescence changes for WT and E210A mutant CmCLCs and empty vesicles. (D) 
Recordings of pH (red) and [Cl] (black) over time in response to the addition of valinomycin to a 
solution of Cl’-loaded vesicles. Electrode response was calibrated by the addition of 5 uM NaOH and 
20 uM NaCl before each experiment. The initial rates of CC” efflux and H™ influx provide an estimate 
of the exchange ratio (inset). 


CBS 


Fig. 2. Structure of CmCLC. (A) Selenium sites identified by single-wavelength anomalous dis- 
persion. Wire representation of a CmCLC monomer is shown in blue. The selenium sites of the 
selenomethionine-labeled WT protein are shown as green spheres, and those corresponding to 
“marker mutants” are red. (B and C) Ribbon representation of a CmCLC dimer from the side of the 
membrane with the extracellular solution above. The two subunits are colored in blue and red, 
respectively. 
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into the ion pathway and holds Y515 in place to 
form part of the central CI binding site (23, 40, 41). 
Second, the CBS domain contacts helix aD, which 
also extends into the ion pathway and contains 
another important amino acid, S165, that is in- 
volved in Cl ion coordination and selectivity (Fig. 
4A) (23, 34, 35, 42, 43). This explains how con- 
formational changes within the CBS domains 
could be transmitted directly to the ion pathway 
of the TM domain (fig. S6). Third, the loop 
connecting oH to al, which forms part of the TM 
dimer interface, comes in direct contact with the 
CBS domains (fig. S5, A and B), raising the 
possibility that the CBS domains could influence 
cooperative interactions between the two TM 
components (44). 

Several disease-causing mutations in human 
CLCs localize to the TM-CBS interface (Fig. 
4B). Studies have shown that H835R mutations 
in hCLC-1 and H736A and E763K in the ortholog 
CLC-0 alter the “common gating” process that 
affects both subunits in unison (25). These amino 
acids localize to the surface of the CBS that faces 
the TM (Fig. 4B, green spheres). Several hCLC-1 
mutations that underlie Thomsen’s disease exist 
on the TM-dimer interface (44, 45). We find that 
several other mutations causing this disease exist 
on the TM-CBS interface (Fig. 4B). More than 
30 osteopetrosis-related mutations have been 
identified in a Cl/ H" exchanger hCLC-7 (2). 
Although mutations involved in recessive osteo- 
petrosis tend to be spread throughout the struc- 
ture (46), most dominant mutations are located 
on the TM-CBS interface (Fig. 4B, yellow and pink 


A 


Fig. 3. Structure of CmCLC subunit. (A) Stereo view of a CmCLC subunit from 
the side of the membrane with the extracellular solution above. The black 
capital letters indicate elements of secondary structure; the blue C and N 
denote the C and N termini, respectively. d-e, f-g, and r-s correspond to 


spheres) (46-49). It appears that altering commu- 
nication between CBS and TM domains may be 
a common mechanism underlying many CLC- 
related diseases. 

Truncations of the hCLC-1 C terminus affect 
gating of the channel (50, 5/), and several disease- 
causing mutations are known to occur in this re- 
gion. Because CLCs vary in the length of the 
unstructured C terminus following CBS2, the im- 
portance of this region to channel function was 
puzzling. The crystal structure offers a possible 
explanation; the C terminus is in close proximity 
to the TM and participates in the TM-CBS inter- 
face (Figs. 3A and 4A). Hence, it is possible that 
the C-terminal peptide affects transport function 
through its interaction with helix aR or other re- 
gions of the TM component. 

lon-transport pathway. The Cl -transport 
pathway of CmCLC is shaped like an hourglass 
with aqueous vestibules on the extracellular and 
intracellular surfaces leading up to a narrow seg- 
ment (Fig. 5A, blue mesh). In between the ves- 
tibules, the transport pathway narrows into a 
selectivity filter or transport region where ions 
become dehydrated as they cross the membrane. 
The a helices aN, oF, and aD are oriented with 
their N termini pointed toward the transport re- 
gion, making amide nitrogen atoms available for 
anion coordination. Overall, the transport region 
of CmCLC is very similar to that of EcCLC 
with respect to the positioning of the oriented a 
helices and the locations of residues Y515 and 
S165, which are known to play an important role 
in Cl transport (23, 34, 35, 40, 42). 
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One major difference exists between the trans- 
port regions of CmCLC and EcCLC. In EcCLC, 
three Cl ion—binding sites were identified: S.xi, 
Scens and Sint, from the extracellular to the intra- 
cellular side (23). In a mutant of EcCLC in which 
the gating glutamate E148 (corresponding to E210 
in CmCLC) was mutated to a glutamine residue, 
the Cl analog Br occupied all three sites in dif- 
ference Fourier maps, and the glutamine side 
chain was located in the extracellular solution, 
directed away from the transport region (Fig. 6A) 
(23). In wild-type (WT) EcCLC, the gating glu- 
tamate was bound to the outermost site, S..,, and 
Br was excluded from that position (Fig. 6A) 
(23). Thus, the gating glutamate appeared to com- 
pete with the halogen anion for the extracellular 
site. However, in CmCLC, a new conformation is 
observed: The gating glutamate occupies the cen- 
tral site, and Br’, as demonstrated in an anomalous- 
difference Fourier experiment, occupies S.x, and 
Sint (Fig. 5, A and B). This new conformation is 
achieved mainly through a reorientation of the gat- 
ing glutamate side chain. The carboxylate group in 
the central site interacts with the same hydrogen 
bond donor groups that interact with the halogen 
anion at that site in the other structures (Fig. 5C). 

Two amino acids are known to affect the 
movement of H* through CLC transporters: the 
externally located gating glutamate and an inter- 
nally located “proton glutamate,” E203 in EcCLC 
(7, 52). In EcCLC, mutations at either position can 
abolish coupled H' movement and convert the 
transporter into a Cl’ channel with a small con- 
ductance (7, 52-54). In CmCLC, a threonine 


yellow cord. 


secondary structure elements not present in EcCLC. (B) Surface representation 
of a CmCLC subunit. The TM domain, gray; CBS1 subdomain, pale blue; and 
CBS2, darker blue. The linker between the TM domain and CBS11 is shown as a 
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TMD 


residue (T269) is found at the proton glutamate 
position. We note that the side-chain hydroxyl 
(Oy) of T269 is only 7.5 A away from the car- 
boxylate (Oe) of E210. Either this threonine 
residue is able to perform the H’ transfer between 
the intracellular solution and the transport region 
in CmCLC, or, alternatively, a different amino acid 
performs this role. 

Hypothesis for the mechanism of two Cl /one H* 
countertransport. Together with the prokaryotic 
structures, three structures are now available (Fig. 
6A) (15, 23). Although these structures were ob- 
tained with two different transporters and a mu- 
tant, they likely represent conformations that can 
occur in the transport cycle. From these structures, 
we put forth a hypothesis for the transport 
mechanism that accounts for the countertransport 
of two CI ions against one H* (Fig. 6B). States 
(a) and (b) represent unprotonated and protonated 
forms, respectively, of the conformation observed 
in CmCLC (Fig. 6A, left); states (d) and (e) 
represent protonated and unprotonated forms, re- 
spectively, of the conformation observed in the 


Linker 


a 


, Fig. 4. The TM-CBS interface. (A) A CmCLC subunit 
a highlighting the TM and CBS interface. The CBS is 


mutant EcCLC-E148Q (Fig. 6A, right) (23); and 
state (f) represents the conformation observed in 
WT EcCLC (Fig. 6A, middle) (/5). From state 
(a) to state (b), a H” is transferred from the intra- 
cellular solution to the carboxylate of the gating 
glutamate. The protonated carboxylate changes 
its conformation to the extracellular solution [state 
(c)], and two CI ions enter the transport region 
from the extemal side [state (d)]. Once the H* 
dissociates from the carboxylate to the extracel- 
lular solution [state (e)], the carboxylate can enter 
Sext [state (f)] and then S.en [state (a)], in asso- 
ciation with the movement of two CI ions to the 
intracellular side. In S.en, the glutamate is again in 
position to receive a H™ from the intracellular 
solution. Every transition in this cycle is reversible. 
Net cycling can only result from the dissipation of 
aCI orH_’ electrochemical gradient. As described 
here, this cycle will give rise to an exchange 
stoichiometry of two CI ions for one H”. 

There are two apparent problems with the 
cycle as described. First, in the (c)-to-(d) tran- 
sition, two Cl ions must enter from the extra- 


2 shown in light blue and the TM as gray ribbons with 
a helices aR and aD highlighted in red. S165 and Y515 are shown 
ee as sticks. Yellow, carbon; red, oxygen. Top panels show the stereo 
4 view of the zoomed-in boxed area in the bottom panel. (B) 
Mutations on the TM-CBS interface. Mutations of hCLC-1, CLC-0, and CLC-7 are 
mapped on the structure through sequence alignment (fig. $1) and shown as 
spheres. There are four groups: (i) hCLC-1 and CLC-O mutations in the CBS 
domain that affect common gating (H835R in hCLC-1, H736A and E763K in 
CLC-0; green), (ii) dominant Thomsen’s disease mutations in the intracellular 
loops of the hCLC-1 TM (G200R, F297S, R300Q; red), (iii) dominant 
osteopetrosis mutations in the hCLC-7 CBS domains (F758L, R762L, G765B, 
R767W, A788D; yellow), and (iv) dominant osteopetrosis mutations in the 
loops of the hCLC-7 TM (G215R, L213F, F318L; pink). 


cellular solution, or else stoichiometric coupling 
and active transport will be lost. Second, (d) and 
(e) are “forbidden” states for a transporter, be- 
cause Cl can move uncoupled to H’. Both of these 
problems can be overcome with one assumption: 
that there exists a relatively large kinetic barrier to 
the rapid movement of CI ions between Si, and 
Scen: This barrier would ensure that Cl” ions would 
more likely fill S... and S.x; from the extracellular 
solution. In fact, if the barriers between the trans- 
port region and the extracellular solution are small, 
then state (c) will exist only transiently. A suffi- 
ciently large barrier between S;,, and S,.,, would 
also permit the existence of “forbidden” states (d) 
and (e) without substantial loss of coupled ex- 
change. This conclusion can be understood 
through a simple kinetic argument. If the tran- 
sition from (d) to (e) is determined by the lifetime 
of the protonated carboxylate in the extracellular 
solution, then we expect a duration of ~10° s if 
the pX, (where K, is the acid dissociation con- 
stant) is 4.0 and we assume a H’ association rate 
of 10!° M's! (55). Therefore, if the barrier 
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Fig. 5. lon-transport pathway. (A) Stereo view of 
the ion-transport pathway viewed from the dimer 
interface. The protein is shown as a blue ribbon, 
with selected residues $165, E210, and Y515 shown 
as sticks. Aqueous cavities connecting to the Cl” 
binding sites from the extracellular (top) and the 
intracellular (bottom) solutions are shown as pale 
blue mesh; Cl" ions are shown as pink spheres. (B) 
Stereo view of the electron-density map around the 
ion-transport pathway. Weighted 2f,-f, (where f, is 
the observed structure factor amplitude, and f, is the 
model structure factor amplitude) electron density 
at 3.5 A, contoured at 1.356, is shown in pale blue. 
The refined model is shown as sticks. A bromine 
anomalous-difference Fourier map at 4.2 A from 
crystals grown in Br” is contoured at 9c (red). (C) 
Stereo view of the ion-transport pathway. Possible 
hydrogen bonds between Cl ions (pink spheres) 
and protein are denoted by dashed lines, as are the 
possible hydrogen bonds between E210 and Y515. 


Sext J 

Z were high enough to limit the CI conduction rate 
through states (d) and (e) to 104 s", then on aver- 
age only one CI every hundred cycles would slip 
through state (d) uncoupled to H’ movement. If 
the transition from (e) to (f) were then rapid, little 
uncoupled slippage will occur during the cycle. In 
the EcCLC-E148Q mutant, representing a trans- 
porter caught permanently in states (d) and (e), the 
CI conduction rate was determined to be less than 
10* s' (53). We would suggest that the slow 
intrinsic Cl conductivity of mutated CLC trans- 
porters that function as channels (such as the 
EcCLC-E148Q mutant) results from a kinetic 
barrier to Cl that is an important aspect of the 
CI/H' coupled-exchange mechanism. 

Kinetic simulations corroborate the expla- 
nations above (movie S1). Simulations of the 
cycle—allowing CI entry and exit from either 
side of the membrane during the transitions con- 
necting states (c) and (d) and allowing Cl- 
conduction across the membrane through states 
(d) and (e}—generate the experimentally observed 
properties of CLC exchangers: Cl gradients 
produce uphill H* transport, H” gradients produce 
uphill Cl transport, and a coupling ratio of two 
CI ions against one H" is generated over condi- 
tions of membrane voltage, electrolyte, and pH 
under which CLC exchangers have been studied 
(7, 9, 10, 34, 35). Moreover, an adjustment of the 
rate at which Cl ions conduct through states (d) 
and (e) produces a loss of coupling and converts 
the CLC exchanger into a gated Cl ion channel. 

The cycle also explains other more subtle fea- 
tures of CLC proteins. Certain mutations produce 
partial uncoupling (CI’/H' exchange ratios greater 
than two) rather than complete uncoupling (4/). 
This observation is plausible if different mutations 
cause different rates of Cl conduction through 
states (d) and (e) or if they alter the interaction 
between the gating glutamate and the pore (Fig. 
6B). Lowering external pH produces uncoupling 
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EcCLC-WT 


EcCLC-E148Q 


~ 
Ht é in 


ext 


Fig. 6. A working model for ion transport. (A) Close-up view of the ion-transport pathway of WT CmCLC, 
WT EcCLC, and the E148Q mutant of EcCLC, respectively. The foreground helices were removed for clarity. 
Selected residues are shown as sticks and Cl as pink spheres. For CmCLC, a bromine anomalous- 
difference Fourier map contoured at 60 is shown as red mesh. (B) A proposed working model for ion 
transport in CLC transporters. Residues corresponding to $165, E210, and Y515 in CmCLC are shown as 
schematic drawings. Red spheres represent Cl" ions, and purple spheres denote protons. The negative 
charge on the carboxyl group of the deprotonated E210 is shown as a dashed circle. (a), (b), (©), (d), (e), 
and (f) are six major steps in this transport cycle, as described in the text. The illustration in the middle of 
the circle shows the positions that CC” and the carboxyl group of the gating glutamate could occupy. For an 


animated version of this figure, see movie S1. 


in CLC-3 (56). This outcome is expected if, due 
to a high extracellular H* concentration, the tran- 
sition rate from state (e) to state (d) becomes much 
greater than that from state (e) to state (f) (Fig. 6B). 
Finally, CLC proteins that function as channels 
exhibit pH-dependent gating (/6). The cycle pre- 
dicts that these channels may still mediate coupled 
exchange on a microscopic level that is hidden 
beneath uncoupled CI’ conduction (57). 


There may exist undiscovered conformation- 
al states of CLC transporters. Still, the mecha- 
nism of secondary active transport that we are 
proposing, although distinct from the classical 
alternating-access model (58), is plausible be- 
cause it accounts for experimental observations. 
It invokes a Cl channel with a barrier to slow the 
throughput and a glutamate gate that can swing 
into the channel and be protonated from either 


side of the membrane. This mechanism explains 
why the CLC protein structure gives rise to both 
transporters and channels. 


References and Notes 

1. M. Maduke, C. Miller, J. A. Mindell, Annu. Rev. Biophys. 
Biomol. Struct. 29, 411 (2000). 

2. T. J. Jentsch, Crit. Rev. Biochem. Mol. Biol. 43, 3 
(2008). 

3. K. Steinmeyer, B. Schwappach, M. Bens, A. Vandewalle, 
T. J. Jentsch, J. Biol Chem. 270, 31172 (1995). 

4. S. Weinert et al., Science 328, 1401 (2010); published 
online 29 April 2010 (10.1126/science.1188072). 

5. G. Zifarelli, M. Pusch, Rev. Physiol. Biochem. Pharmacol. 
158, 23 (2007). 

6. C. Miller, W. Nguitragool, Philos. Trans. R. Soc. London 
Ser. B Biol. Sci. 364, 175 (2009). 

7. A. Accardi, C. Miller, Nature 427, 803 (2004). 

8. A. Picollo, M. Pusch, Nature 436, 420 (2005). 

9. O. Scheel, A. A. Zdebik, S. Lourdel, T. J. Jentsch, Nature 
436, 424 (2005). 

10. A. R. Graves, P. K. Curran, C. L. Smith, J. A. Mindell, 
Nature 453, 788 (2008). 

11. M. F. Chen, T. Y. Chen, J. Gen. Physiol. 122, 133 (2003). 

12. R. Estévez, B. C. Schroeder, A. Accardi, T. J. Jentsch, 

M. Pusch, Neuron 38, 47 (2003). 

13. A.M. Engh, M. Maduke, J. Gen. Physiol. 125, 601 
(2005). 

14. C. Miller, M. M. White, Proc. Natl. Acad. Sci. U.S.A. 81, 
2772 (1984). 

15. R. Dutzler, E. B. Campbell, M. Cadene, B. T. Chait, 

R. MacKinnon, Nature 415, 287 (2002). 

16. T. Y. Chen, T. C. Hwang, Physiol. Rev. 88, 351 (2008). 

17. T. Schmidt-Rose, T. J. Jentsch, j. Biol. Chem. 272, 
20515 (1997). 

18. M. Maduke, C. Williams, C. Miller, Biochemistry 37, 
1315 (1998). 

19. S. Hebeisen et al., J. Biol. Chem. 279, 13140 (2004). 

20. J. Garcia-Olivares et al., J. Physiol. 586, 5325 (2008). 

21. B. Bennetts et al., J. Biol. Chem. 280, 32452 (2005). 

22. S. Meyer, S. Savaresi, |. C. Forster, R. Dutzler, Nat. Struct. 
Mol. Biol. 14, 60 (2007). 

23. R. Dutzler, E. B. Campbell, R. MacKinnon, Science 
300, 108 (2003); published online 20 March 2003 
(10.1126/science.1082708). 

24. M. Pusch, Hum. Mutat. 19, 423 (2002). 

25. R. Estévez, M. Pusch, C. Ferrer-Costa, M. Orozco, 

T. J. Jentsch, J. Physiol. 557, 363 (2004). 

26. U. Kornak, A. Ostertag, S. Branger, O. Benichou, 

M.-C. de Vernejoul, J. Clin. Endocrinol. Metab. 91, 995 
(2006). 

27. S. E. Lloyd et al., Nature 379, 445 (1996). 

28. S. Dave, J. H. Sheehan, J. Meiler, K. Strange, Channels 
(Austin), published online 21 July 2010 (10.4161/ 
chan.4.4.12445). 

29. Y. Jiang et al., Nature 423, 33 (2003). 

30. M. Matsuzaki et al., Nature 428, 653 (2004). 

31. Materials and methods are available as supporting 
material on Science Online. 

32. J. Zhang, Y. Feng, M. Forgac, J. Biol. Chem. 269, 23518 
(1994). 

33. Single-letter abbreviations for the amino acid residues 
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; 

G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; 
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

34. A. De Angeli et al., Nature 442, 939 (2006). 

35. G. Zifarelli, M. Pusch, EMBO J. 28, 175 (2009). 

36. S. Markovic, R. Dutzler, Structure 15, 715 (2007). 

37. A. Accardi, A. Picollo, Biochim. Biophys. Acta 1798, 
1457 (2010). 

38. S. B. Long, X. Tao, E. B. Campbell, R. MacKinnon, Nature 
450, 376 (2007). 

39. M. C. Lawrence, P. M. Colman, J. Mol. Biol. 234, 946 
(1993). 

40. A. Accardi, S. Lobet, C. Williams, C. Miller, R. Dutzler, 
J. Mol. Biol. 362, 691 (2006). 

41. M. Walden et al., J. Gen. Physiol. 129, 317 (2007). 

42. A. Picollo, M. Malvezzi, J. C. Houtman, A. Accardi, 

Nat. Struct. Mol. Biol. 16, 1294 (2009). 


29 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on October 28, 2010 


43. E.-Y. Bergsdorf, A. A. Zdebik, T. J. Jentsch, J. Biol. Chem. 
284, 11184 (2009). 

44. M. Duffield, G. Rychkov, A. Bretag, M. Roberts, j. Gen. 
Physiol. 121, 149 (2003). 

45. C. Lossin, A. L. George Jr., Adv. Genet. 63, 25 (2008). 

46. A. Pangrazio et al., Hum. Mutat. 31, £1071 (2010). 

47. E. Cleiren et al., Hum. Mol. Genet. 10, 2861 (2001). 

48. S. G. Waguespack ef al., J. Bone Miner. Res. 18, 1513 
(2003). 

49. A. Frattini et al., J. Bone Miner. Res. 18, 1740 (2003). 

50. D. H. Hryciw, G. Y. Rychkov, B. P. Hughes, A. H. Bretag, 
J. Biol. Chem. 273, 4304 (1998). 

51. S. Hebeisen, C. Fahlke, Biophys. J. 89, 1710 (2005). 

52. A. Accardi et al., J. Gen. Physiol. 126, 563 (2005). 

53. H. Jayaram, A. Accardi, F. Wu, C. Williams, C. Miller, 
Proc. Natl. Acad. Sci. U.S.A. 105, 11194 (2008). 


54. H. H. Lim, C. Miller, J. Gen. Physiol. 133, 131 
(2009). 

55. W. P. Jencks, Catalysis in Chemistry and Enzymology 
(Dover Publications, New York, 1987). 

56. J. J. Matsuda, M. S. Filali, M. M. Collins, K. A. Volk, 

F. S. Lamb, J. Biol. Chem. 285, 2569 (2010). 

57. E. A. Richard, C. Miller, Science 247, 1208 (1990). 

58. O. Jardetzky, Nature 211, 969 (1966). 

59. We thank the staff at beamline X29 (National 
Synchrotron Light Source, Brookhaven National 
Laboratory) and K. R. Rajashankar and K. Perry at 
beamline 241D-C (Advanced Photon Source, Argonne 
National Laboratory) for assistance at the synchrotron, 
members of the MacKinnon laboratory for helpful 
dicussions, and P. Yuan for comments on the manuscript. 
R.M. is an Investigator in the Howard Hughes Medical 


RESEARCH ARTICLES 


Institute. The x-ray crystallographic coordinates and 
structure factors have been deposited in the Protein Data 
Bank with accession identification number 30RG. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/science.1195230/DC1 
Materials and Methods 

Figs. $1 to S6 

Table $1 

References 

Movie $1 


16 July 2010; accepted 17 September 2010 
Published online 30 September 2010; 
10.1126/science.1195230 

Include this information when citing this paper. 


Diversity of Human Copy Number 
Variation and Multicopy Genes 
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1000 Genomes Project,t Evan E. Eichler? ?+ 


Copy number variants affect both disease and normal phenotypic variation, but those lying within 
heavily duplicated, highly identical sequence have been difficult to assay. By analyzing short-read 
mapping depth for 159 human genomes, we demonstrated accurate estimation of absolute copy number 
for duplications as small as 1.9 kilobase pairs, ranging from 0 to 48 copies. We identified 4.1 million 
“singly unique nucleotide” positions informative in distinguishing specific copies and used them to 
genotype the copy and content of specific paralogs within highly duplicated gene families. These data 
identify human-specific expansions in genes associated with brain development, reveal extensive 
population genetic diversity, and detect signatures consistent with gene conversion in the human 
species. Our approach makes ~1000 genes accessible to genetic studies of disease association. 


opy number—variable genes in humans 
( tend to map to duplicated sequences (i.e., 

segmental duplications) (/—4), but neither 
the copy number nor the locus identity of these 
genes can be accurately assessed with existing 
hybridization-based experimental methods. This 
bias stems from the inability to discriminate subtle 
differences over the full range of copy number by 
array comparative genomic hybridization (CGH) 
and a lack of informative probes for these regions 
in single-nucleotide polymorphism (SNP) geno- 
typing platforms (5). This bias is more pronounced 
in cases where more copies of a duplicated gene 
are present, because multicopy integer states are 
difficult to resolve proportionally, resulting in a 
lack of understanding of the true extent of human 
copy number variation. As a result, the most dy- 
namic and variable genes are frequently excluded 
from genome-wide association studies (6). We have 
developed a method to survey whole-genome shot- 
gun sequence data to accurately assay specific du- 
plicated genes and gene families for copy number 
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from data generated primarily from the 1000 Ge- 
nomes Project (7). 


Results 


Read depth can be used to predict accurately the copy 
number of duplicated genes within high-coverage 
human genomes (8). We applied this method to 
perform a copy number variant (CNV) analysis of 
159 human genomes sequenced using the Illumina 
platform, including 15 high-coverage human ge- 
nomes (12.3 to 43) of diverse ethnicity and 141 
low-coverage genomes (1.5 to 7) from the 1000 
Genomes Project representing three populations (9). 
For each genome, reads were mapped to a repeat- 
masked human reference genome (build 36) with 
the mrsFAST aligner, which returns all possible map- 
ping locations of a read. Read depth profiles were 
then constructed and corrected for biases introduced 
in library construction. Copy number prediction was 
performed by regression against a standard curve of 
regions of known copy (9). Using this approach, we 
estimated the absolute copy number genome-wide 
for windows of 3000 nonrepetitive bases each 
and generated heatmaps displaying copy number 
for all 159 human genomes (Fig. 1, A and B). 
Because many of these genomes (table S1) were 
sequenced at low coverage, we tested the accuracy 
of our copy number predictions using three orthog- 
onal methods of experimental validation (Fig. 2A) 
(9). We assessed our ability to detect simple events 
(gains, losses, and homozygous losses) from 2270 


events [median size 39.6 kilobase pairs (kbp), 
smallest event 1.6 kbp] across 109 common in- 
dividuals. This demonstrated a concordance of 94 
to 100%, dependent on the size and type of the 
event (fig. S20). To assess our ability to genotype 
multicopy number states, we performed 59 fluo- 
rescent in situ hybridization (FISH) experiments 
across 21 larger loci, ranging in copy from 2 to 48 
(9). Of our copy number estimates, 93% (55 out of 
59) were within +1 of the number of FISH signals 
observed in interphase nuclei (e.g., Fig. 1A). Be- 
cause FISH-based estimates are problematic when 
copy number exceeds 10, we designed a series of 
quantitative PCR (QPCR) assays to assess dynamic 
range response. These showed high correlation 
with our read depth—based estimates, with 7 out of 
9 assays having a correlation coefficient of 7 > 0.92 
(9). Read depth— and QPCR-based copy number 
estimates for the 1.9-kbp gene CCL3L/ across 150 
individuals were concordant (7 = 0.95), with both 
methods capturing the population-specific distri- 
butions of copy number at this locus (fig. S26). 
CNV landscape diversity. We constructed 
genome-wide copy number maps across 159 ge- 
nomes at 3-kbp resolution (Fig. 1, A and B) to 
assay the full extent of large-scale copy number 
variation among human populations. We identified 
952 large CNVs greater than 50 kbp across 159 
individuals (9). As expected, events of increasing 
size occur with progressively lower frequency. We 
noted that the majority of large events (55%, 522 
out of 952) overlapped segmental duplications. 
Out of all events, 47% (452 of 952) were common, 
being observed in more than eight individuals 
(>5% of genomes). Association with segmental du- 
plications also strongly influenced CNV frequen- 
cy. Events entirely outside segmental duplications 
were generally rare, with 71% (390 of 546) de- 
tected in three or fewer individuals (<2% of ge- 
nomes). By contrast, 91% (461 of 506) of most 
CNVs overlapping segmental duplications were 
observed in more than three individuals, consistent 
with recurrent variation in these dynamic regions. 
We identified 22 regions longer than 100 kbp 
that showed evidence of significant copy number 
differences between Asians, Europeans, and Africans 
[average V4 of >0.2; (table S9)] (70). These included 
duplications flanking the 17q21.31 MAPT locus, 
which has been associated with positive selection, 
rapid evolutionary turnover, and neurological 
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disease (//). Analyses of the region across pop- 
ulations (9) revealed that although the inversion of 
this locus and its associated duplication are largely 
restricted to European-Mediterranean populations 
with 20% allele frequency, duplications overlap- 
ping the KJAA/267 gene were more common and 
definitive of populations of European origin (found 
in 33 out of 46 individuals at 50% allele fre- 
quency) but were nonexistent in all other ethnic 


Fig. 1. Landscape of hu- a 
man copy number varia- 
tion. (A) CNV heatmap of a 
734-kbp duplicated region 
flanking the 17q21.31 
MAPT locus in 13 individ- 

uals (11 sequenced to high 
coverage). Read depth— 
based copy number (CN) es- 
timations (3-kbp windows) 

are indicated by color (scale 
provided to the right). FISH 

at two separate loci vali- 
dates these absolute CN 
predictions across five indi- 
viduals (9). (B) Copy number 
landscape of the 17q21.31 
locus across three differ- 

ent populations showing 
marked population stratifi- 
cation (159 genomes ana- 
lyzed). A European-enriched 
duplication overlaps the 
gene KIAA1267 and is present B 
on two haplotypes—a long 
form (205 kbp) and a short 
form (155 kbp). A 210-kbp 
duplication of the WSF gene 
ranges from two to six 
copies with increased copy 
number in Asians. For val- 
idation with array CGH, see 
fig. S31. (C) Copy number 
frequency histograms of 
the KIAA1267 and NSF du- 
plications based on median 
read depth predict discrete 
copies. Duplications of the 
KIAA1267 locus are specific 
to Europeans at a frequen- 
cy of 72%. 25% of Asians 
have six copies of NSF. 


European 


Asian 


African 


SS SSD DES SS 


YH-1 CN=6 region 2 


NA12878 CN=4 region 1 


groups examined (Fig. 1, B and C). Based on the 
extent of phased copy number change, we predicted 
and confirmed a short (155-kbp) duplication occur- 
ring at 20% allele frequency and a long version 
(205 kbp) at 30% allele frequency in Europeans (9). 
Distal to this locus, we identified a larger, more— 
copy number-polymorphic region (ranging from 2 
to 6 copies). This more distal, population-stratified 
duplication encompassed the first 13 exons of the 
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N-ethylmaleimide-sensitive (NSF) gene and shows 
increased copy number among Asians with the six- 
copy state occurring at ~25% frequency (13 out of 
54 individuals) (Fig. 1, B and C). It is noteworthy 
that this gene is preferentially expressed in the 
human nervous system; reduction in its expres- 
sion is associated with schizophrenia (/2), and 
disruptions of its Drosophila ortholog lead to de- 
fective synaptic transmission (/3). 
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Additionally, we identified regions that are du- 
plicated in most human individuals but previously 
were incorrectly classified as diploid in the ref- 


erence genome, including 10 regions of >100 kbp 
each. We identified 173 segmentally duplicated 
regions for which the majority of genomes have 
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Fig. 2. Validation and application. (A) Single-channel array CGH data are highly correlated (r = 
0.95) with read depth—based genotypes for the highly duplicated 7BC1D3 gene (copy number range 
5 to 53). Note the reduced copy number of this gene family among Europeans (color coding as in Fig. 
1C). (B) Heatmap of a 340-kbp region proximal to the fascioscapulohumeral muscular dystrophy 
(FSHD) region on chromosome 4 identifies a polymorphic segmental duplication ranging from 5 to 8 
copies. In the human reference genome (build 36) this segment is annotated as a single copy (i.e., 
unique), but all humans carry duplications mapping to chromosomes 4, 13, 14, and 21. 
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a copy number greater than that of the reference 
genome. We thus have established a copy number 
baseline in humans, allowing more accurate geno- 
typing from SNP microarrays. These data may be 
used in conjunction with single-channel intensity 
data from previous array CGH experiments to 
develop a calibration curve specifically for each 
region of the genome, allowing multiallelic loci 
to be more robustly genotyped on array-based 
platforms (Fig. 2A) (9). This CNV landscape di- 
versity map may also be used to select an ideal 
reference genome (from the 1000 Genomes cat- 
alog) to maximize discriminatory power in array 
CGH studies, which will open more complex, copy 
number-polymorphic regions of the genome to 
further experimental characterization (Fig. 2B). 

Gene copy number diversity and evolution. To 
assess the impact of copy number variation spe- 
cifically on the coding portion of the genome, we 
genotyped the absolute copy of 25,832 individual 
RefSeq gene models (University of California, 
Santa Cruz, genome browser). As expected, our 
read depth assessment predicts that 99.3% of hu- 
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man gene models outside of segmental duplica- 
tions show a median copy number of two. Limit- 
ing our set to all genes greater than 10 kbp, we find 
that 91% of human genes are fixed as diploid in 
all 159 humans examined. Of the copy number— 
variable gene families, including those within seg- 
mental duplications, we found that 80% vary be- 
tween 0 and 5 copies, which suggests that extreme 
variation is limited to only a few gene families. We 
identified the 56 most variable gene families in 
humans (variance >3.0 among combined popula- 
tions), ranging in median copy from 5 to ~368 (fig. 
S33 and table S7). These genes were dramatically 
enriched for segmental duplications [odds ratio 
(OR) = 311.3, P< 2.2 x 10 '°, Fisher’s exact test]. 
In 19 of these cases, no individual exhibited a copy 
number less than or equal to that of the reference 
genome, which suggests that some of these gene 
duplicates are underrepresented in the reference. 
We found 44 “hidden” duplicated gene families 
(fig. S33 and table S6), including the rapidly evolv- 
ing and high-copy ANKRD (about six missing 
haploid copies), NBPF (more than nine missing 
copies) and NPIP (about five missing copies) gene 
families. The missing members of these gene fam- 
ilies should be targeted for sequence finishing in 
order to more accurately capture the architecture 
and diversity of the human genome. 

Because significant differences in allele fre- 
quency can be a signature of selection, we searched 
for genes with the most extreme differences in copy 
among the HapMap populations. These include the 
Yoruba people in Ibadan, Nigeria (YRJ), Utah res- 
idents with ancestry from northern and western 
Europe (CEU), Japanese in Tokyo, Japan (JPT), 
and Han Chinese in Beijing, China (CHB). We 
used the V,, statistic (0) and identified 64 gene 
families [Vx > 0.2; (Fig. 3A and table S8)]. These 
genes mapped almost exclusively to segmental 
duplications (OR = 72.0, P < 2.2 x 10 7%) and 
ranged in copy from 2 to 368 (77%, 49 out of 64 
with <12 copies). However, we observed no sig- 
nificant correlation between V,, and copy number 
(P = 0.199), which indicated that the differences 
between populations were not an artifactual product 
of higher copy numbers. In general, the Afiican 
YRI showed greater variance in stratified gene copy 
number compared with either Europeans or Asians 
(P<1x 10+ and P< 12 x 10° after multiple- 
testing correction; Welch’s one-tailed ¢ test), in- 
cluding genes with known stratification between 
populations, such as LILRA3 (14) and UGTB17 
(75). One of the most stratified genes identified was 
CCL3L1 (fig. S26), for which the importance of 
accurate multiallelic copy number genotyping has 
been recently highlighted because of conflicting 
reports of association with HIV susceptibility (6). 
In addition, we discovered stratification among 
several previously uncharacterized gene families, 
many of which show reduced copy in Europeans 
and Asians compared with Africans (Fig. 3A) (9). 

We characterized the evolutionary context of 
human gene copy number variation by compara- 
tively analyzing short-read depth data from a gorilla, 
a chimpanzee, and an orangutan (9). We identified 


53 gene families with increased copy number with- 
in the human lineage, 23 of which were diploid in 
each of the great apes, and 8 of which appear to 
be fixed in humans (Fig. 3B, fig. S38, and tables 
S10 and S11). Consistent with an origin after the 
human-ape divergence, the human-specific dupli- 
cations and expansions displayed higher sequence 
identity than most duplicated genes (97.0% and 
98.7%, respectively; P < 3.5 x 10°, Welch’s one- 
tailed ¢ test). Human-specific duplications include 
the genes GPRIN2 and SRGAP2, which have been 
implicated in neurite outgrowth and branching 
(7, 18); the brain-specific HYDIN2 gene, associated 
with micro and macrocephaly (19); DRDS5, a dopa- 
mine DS receptor; the G7F2/ transcription factors 
whose deletion has been associated with visual- 
spatial and sociability deficits among Williams- 
Beuren syndrome patients (20, 2/); duplication of 
the SMN/ genes, at which copy increases amelio- 
rate the severity of spinal muscular atrophy (SMA) 
deletions; and duplication of the CHRNA7 locus 
on 15q13.2 recently implicated in cases of intel- 
lectual disability and epilepsy (22, 23). We note 
that the fixed duplications we identified at HYDIN 
and GPRIN2 are not annotated in the reference and 
thus represent “hidden” duplications (fig. S40). 
A singly unique nucleotide (SUN) identifier 
map. Although our read depth—based genotyping 
provides absolute, rather than relative, copy number 
measurements and improved dynamic range rela- 
tive to other platforms, it still lacks specificity with- 
in highly homologous segmental duplications. To 
discriminate among these paralogous sequences, 
we focused on the positions in the reference ge- 
nome at which they diverge (Fig. 4A). We identified 
4.07 x 10° SUN positions within high-identity 
duplicated regions (table S2). SUNs are a distinct 
class of paralogous sequence variants that unique- 
ly tag a specific paralog. By definition, the density 
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of these markers diminishes with increasing dupli- 
cation identity, yet we estimated that ~70% of 
duplications contain sufficient SUN density to 
allow paralog-specific genotyping (9). Nearby 
SNPs or rare variants could disrupt short-read 
mapping at SUN positions, which could confound 
copy number estimation of the tagged paralog. We 
examined the extent of such effects among SUNs 
in 12 unrelated individuals sequenced to high cov- 
erage (mean = 23.4%). Reads from these individ- 
uals were mapped to SUN positions, stringently 
requiring perfect 36-bp matches so as to exclude 
contamination between paralogous sequences. Es- 
sentially all autosomal SUNs (99.7%) were present 
in at least one individual, with most (84.8%) present 
in all 12 individuals (9). Among these, we noted 
a strong enrichment for SNPs (274,245 SNPs 
from the dbSNP version 130, OR = 1.6, P< 2.2 x 
10 '°), which suggested that some SUNs may be 
misannotated as allelic variants (/, 24). 
Paralog-specific copy number. We used our 
SUN database to complement our estimates of 
total copy number by developing genome-wide 
maps of paralog-specific copy number (psCN). At 
locations uniquely identified by an overlapping 
SUN, we counted the number of reads perfectly 
matching and, as before, inferred copy number 
using a linear model trained on regions of known 
copy. We validated the accuracy of our psCN 
estimates by specifically analyzing 383 high- 
confidence deletion intervals that had been de- 
tected and fully resolved by capillary sequencing 
on the same individuals (4). We found that 99.4% 
(308 out of 310) of deletions within unique re- 
gions and 93.2% (68 of 73) of deletions within 
duplicated regions were accurately predicted, which 
underscored the specificity of this approach. 
Paralog-specific copy number genotyping re- 
vealed CNVs within duplicated gene families. For 
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SUN read-depth mapping, however, predicts that copy number variation is restricted to 7q11.23 and 
not 1p13.1. FISH on these samples confirms copy number gains and losses on 7q11.23 (fig. S51). 
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example, at the complement factor H (CFH) locus, 
we detected deletions in close agreement with their 
known boundaries (t~6 kbp on average, fig. S60) 
(4). Genotyping the resulting psCN at these inter- 
vals across all 159 samples reveals overall dele- 
tion allele frequencies for CFHR3/1 and CFHR1/4 
of 29% and 4%, respectively, with elevated fre- 
quency among Africans at both deletions (25). We 
also identify rare genotypes, such as a reciprocal, 
single-copy amplification of CFHR//4 in a single 
African individual (ABT) and a deletion with novel 
breakpoints in a single Asian individual (NA18563). 

Copy number analysis from read mapping 
depth can potentially lead to misassignment of 
CNV events to the wrong copy because of cross- 
mapping between highly identical sequences. 
Using SUNS to resolve paralogous copies, we re- 
genotyped 406 large (>50 kbp) CNV events over- 
lapping segmental duplications, previously called 
on the basis of total read mapping depth compar- 
isons (9). We find that 60% (245 out of 406) of 
these regions show no signature of variation using 
SUNSs and hence represent variation at one of the 
homologous loci. This “mirror” effect arises from 
cross-mapping between highly identical sequences 
but can be resolved by leveraging the SUN tags 
(Fig. 4B). Similarly, we found that a recently re- 
ported set of CNVs identified by CGH (2) con- 


tained a significant fraction of calls (1547 out of 
4412, 35.1%) within duplicated sequences that 
show no evidence of paralog-specific CNV. 
Paralog-specific gene family diversity. A 
prerequisite to understanding the function of high- 
ly duplicated gene families is the ability to genotype 
them for both their copy and content. Using our 
psCN approach, we reassessed 990 human genes 
partially or completely contained within segmental 
duplications (Fig. 5A). This analysis allowed us 
to distinguish two distinct classes of paralogs: 
49.2% of duplicate genes which appear largely 
copy-invariant within the human species, and the 
remainder, which show extensive variation in 
copy number with some bias toward gain or loss. 
A particularly peculiar set of variable genes are 
those mapping to “core duplicons” (26) which 
have undergone recent bursts of expansion within 
the human lineage, including NPIP, NBPF (Fig. 
5B), and others (27). We confirmed these genes’ 
human-specific expansion but also observed them 
to be stratified among human populations (fig. S38 
and Fig. 3A). We also observed more localized 
psCN patterns, with small patches showing recip- 
rocal gain and loss but remaining unchanged in 
total copy, a signature consistent with interlocus 
gene conversion (i.e., unidirectional transfer of ge- 
netic information between duplicate copies) [re- 
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viewed in (28)]. We validated a small number of 
these events and confirmed this signature at the Rh 
blood group antigen genes RHD and RHCE (fig. 
S71) (9, 29). A scoring metric found 78 regions 
with a score exceeding that of RHD/RHCE with a 
significant excess of this signature relative to 
shuffled controls (P < 2.2 x 10 '°, one-sided 
Kolmogorov-Smimov). Consistent with known 
examples and mechanisms of gene conversion, 
this was nearly exclusive to high-identity duplica- 
tions (>95% ID) and was preferential to nearby 
tandem duplications (<1 Mbp). 


Discussion 


We have leveraged next-generation sequence data 
to explore some of the most complex genetic var- 
iation in the human species and show that we can 
reliably predict absolute copy number without bias. 
More important, these data allowed us to assess the 
copy and content of specific duplicated genes. Ne- 
vertheless, several limitations remain. Some genes 
(~30%) show too little paralogous variation or are 
too small to be reliably genotyped; in other cases, 
the paucity of markers combined with the low se- 
quence coverage led to uncertainty in copy number 
accuracy (our analysis suggests that at least 8x 
genome-wide sequence coverage is required to 
achieve copy number accuracy above 97%). Finally, 
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duplicated genes show that most, on average, are diploid within the human species (median psCN = 2 + 0.5), 
and nearly half show little variation in copy. Among 49.2% of duplicated genes, deviation from the median 
copy occurs rarely (<5% of individuals). By contrast, genes outside of segmental duplications and other known 
regions of copy number variation are nearly devoid of common CNVs (blue), even when genotyping with 
randomly subsampled positions (gray) to mimic the restricted density of SUN markers within duplicated genes. 
(B) Population stratification and paralog-specific copy variability of a human expanded-gene family of unknown 
function, NBPF (neuroblastoma breakpoint gene family). Certain paralogs (e.g., NBPF1) are highly amplified, 
extremely variable, and stratified by population, whereas others are nearly fixed and diploid (e.g., NBPF7). 
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we found 28 large regions with such extraordinary 
complexity that it is difficult to interpret the under- 
lying pattern of genetic variation (e.g., fig. S34). 

Through our analysis, we identified that dupli- 
cated regions are more likely to be stratified between 
human populations when compared with copy num- 
ber variation within unique regions of the genome. 
For example, 59 (92%) of the top 64 stratified gene 
families overlap segmental duplications (P < 2.2 
10 '°), Remarkably, many of these highly polymor- 
phic genes map to duplications that promote recur- 
rent rearrangements associated with intellectual 
disability, autism, schizophrenia and epilepsy. We 
hypothesize that the extreme polymorphism may 
contribute to genomic instability associated with 
disease and may predispose certain populations to 
different chromosomal rearrangements (30). 

We have also defined the ~49% of gene du- 
plicates that are largely invariant in copy among 
humans. Although this is based only on an as- 
sessment of 159 genomes from select populations, 
the fact that this fraction of genes remains copy 
number invariant in a milieu of recurrent unequal 
crossover suggests functional importance. Among 
these, we find a number of genes involved in neu- 
rological development and disease. We note that 
many of these duplicated genes are themselves 
incomplete and may represent nonprocessed 
pseudogenes, which may modulate the expression 
of the ancestral gene. The characterization of the 
most recently duplicated genes should facilitate 
identification of those that acquired new functions 
(neofunctionalization) versus those that have be- 
come pseudogenes or have partitioned their func- 
tion among duplicate copies (3/). 


The ability to distinguish where copy number 
variation maps and where it does not within regions 
of high sequence identity facilitates breakpoint de- 
lineation within duplications, allowing us to refine 
the intervals associated with structural variants such 
as the recurrent, schizophrenia-associated deletion 
on 15q11.2 (fig. S70) (32). We anticipate that over- 
laying our SUN map with functional genomics 
data (e.g., chromatin immunoprecipitation sequenc- 
ing or RNA-seq) may begin to resolve the epige- 
netic and expression landscape of duplicated regions 
and the ~1000 genes therein that have been largely 
inaccessible to genetic study of disease (33). 
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Rate of Gas Phase Association 
of Hydroxyl Radical and 


Nitrogen Dioxide 
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The reaction of OH and NO; to form gaseous nitric acid (HONO2) is among the most influential in 
atmospheric chemistry. Despite its importance, the rate coefficient remains poorly determined under 
tropospheric conditions because of difficulties in making laboratory rate measurements in air at 760 torr 
and uncertainties about a secondary channel producing peroxynitrous acid (HOONO). We combined 
two sensitive laser spectroscopy techniques to measure the overall rate of both channels and the partitioning 
between them at 25°C and 760 torr. The result is a significantly more precise value of the rate constant 
for the HONO, formation channel, 9.2 (0.4) x 1072* cm? molecule* s~? (1 SD) at 760 torr of air, 
which lies toward the lower end of the previously established range. We demonstrate the impact of the 
revised value on photochemical model predictions of ozone concentrations in the Los Angeles airshed. 


tion of hydroxyl radical (OH) with ni- 


OH + NO,+M-— HONO,+M__ (la) 


hydrogen (HO,, the sum of OH and peroxides) 
and reactive nitrogen (NO,, the sum of NO, and 
NO) as long-lived nitric acid, shortening their at- 
mospheric lifetimes and slowing catalytic cycles 
responsible for photochemically driven formation 
of air pollution in the troposphere and ozone de- 
pletion in the stratosphere. 

The impact of the reaction in Eq. la is es- 
pecially notable in polluted air masses, where 
its rate affects the formation of pollutants includ- 
ing ozone (O3), nitric acid, and fine particulate 
nitrate. This reaction leads to lower ozone pro- 
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T= gas phase three-body association reac- 


trogen dioxide (NO2) to form nitric acid 
(HONO;) (Eq. 1a) 


(where M is N; or O; in air) is important through- 
out the lower atmosphere. It sequesters reactive 
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duction at elevated NO, concentrations, because 
excess NO, removes OH. Previous. sensitivity 
analyses (/) of photochemical models used to pre- 
dict O3; from inputs of precursor emissions have 
shown that the rate constant for this reaction, kj,, 
ranks among the top normalized sensitivities for 
all chemical rate constants. Because these models 
are used to assess the future impact of emission 
reduction strategies for improving air quality, it is 
essential that k;, be known to a high accuracy. 

Determination of 4, has been a long-standing 
problem in gas phase kinetics. It is an effective 
bimolecular rate constant that should depend non- 
linearly on pressure according to the Lindemann- 
Hinshelwood mechanism, but Robertshaw and 
Smith found the rate constant to be anomalously 
high at higher pressures (2). They explained this 
behavior by proposing a second channel to form 
peroxynitrous acid (HOONO, in Fig. 1), a weakly 
bound isomer of nitric acid (Eq. 1b): 


OH + NO, +M — HOONO+M (1b) 
HOONDO formation is now believed to be a minor 
channel at low pressures (3), but the branching 
ratio, o(7; [M]) = kp/Aya, is expected to increase 
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Fig. 1. Energy diagram for the reaction OH + 
NO, + M. Energies are at O K and include zero 
point energy (3, 29, 30). 
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Fig. 2. Pressure dependence of rate parameters for the reaction (Eqs. 1a and 
1b): OH + NO; + M, M = air at 298 K. Error bars represent 2 SD uncertainty. 
The curves are derived from fitting the data to four fall-off rate parameters; 
these are given in table S7. (A) Total effective bimolecular rate coefficient k, = 
kya + kyp. Measurements (black circles) and fit (solid black line) from this work; 
previous measurements by D’Ottone et al. (blue triangles) (11); recommen- 
dations by IUPAC (dotted red line) (27), and NASA/JPL 2006 (dashed cyan line) 
(9). (B) Branching ratio o = ky,/k,3. Measurements (black squares) and fit (red 


with pressure, with the two channels predicted 
to be comparable in the high pressure limit (4—7). 
Although HOONO can form initially as one of 
several isomers, all HOONO molecules rapidly 
isomerize to the lowest energy cis-cis conformer, 
which is stabilized by an intramolecular hydro- 
gen bond (8). 

Under conditions pertaining in the boundary 
layer, HOONO will redissociate rapidly to OH 
and NO, (9); only nitric acid is stable enough to 
act as a sink for HO, and NO,. Atmospheric mod- 
els thus need /;,, but experiments generally mea- 
sure time-resolved loss of OH in the presence of 
NO, and hence determine the total rate constant 
k, = ky, + hyp. Deriving the rate constant needed 
for models, k,,, therefore requires measuring ©. 

The difficulties in determining /,, arise from 
two key issues. First, there are technical prob- 
lems in making laboratory measurements of ky 
in air. Most previous measurements detected 
OH by fluorescence-based methods and suffered 
from poor signal-to-noise ratios at pressures 
above a few hundred torr of air, because colli- 
sional quenching reduced the OH fluorescence 
quantum yield (/0—/2). In addition, systematic 
errors in the measurements of NO, concentra- 
tion propagate directly into measurements of /y. 
This is because the experiments measure the 
first-order loss of OH in excess NO>. Previous 
studies in nitrogen near atmospheric pressure 
differ by almost a factor of two (10-12). The first 
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study by Anastasi and Smith (/0) at N> pressures 
up to 500 torr agrees with the most recent results 
of D’Ottone et al., who have measured the rate 
in both air and nitrogen at pressures up to 700 
torr (//), but Donahue et a/. found substantially 
lower rates (12). Second, despite a large body of 
evidence to support the existence of the HOONO 
channel (3, 4, /3—/6), there are no quantitative 
measurements of o at atmospheric temperature 
and pressure. There have been many efforts to 
compute 4, and a, and the reactions in Eqs. la 
and 1b have become a test of theoretical ki- 
netics, but reliable first principles predictions are 
not yet feasible (4, 6). 

These uncertainties make it hard for data 
evaluation panels to recommend a value for hy, 
for use in atmospheric models. Recommenda- 
tions for k,, at 760 torr of air and 298 K by the 
International Union of Pure and Applied Chem- 
istry IUPAC) (/7) and Jet Propulsion Labora- 
tory (JPL) (9) evaluations (Table 1) differ by 14% 
and have large uncertainties due to the discrep- 
ancies among the laboratory results. Because 
predicted ozone levels in air quality models 
have high sensitivities to this rate constant, a re- 
examination of this reaction is necessary. 

Here, we report the results of room temper- 
ature measurements of 4, at pressures of N>, Oo, 
and air up to 900 torr, and @ at pressures up to 
750 torr in N>. A fit to both data sets yields pa- 
rameters that describe 4,, over the range 100 to 


Table 1. Recommended effective bimolecular rate constants at 760 torr of air and 298 K, except 
the IUPAC recommendation, which is for 750 torr Nz. Reported uncertainties are 1 SD and include 


both statistical and systematic errors. 


1 


Recommendation k,/1077? cm? molecule? s~ k,/1077? cm? molecule? s~* 
JPL 2000 (22) 8.9 + 0.8 8.9 + 0.8 
JPL 2006 (9) 12.4 + 3.7 10.6 + 3.7 
IUPAC 2004 (N>) (17) 11.9 (+6.0/-3.0) 11.9(+6.0/—3.0) 
This work 10.6 + 0.5 9.2+0.4 
0.16 
0.12 
ws 
“2 0.08 
rR; 
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line). Buffer gas was predominantly N2; nitrogen pressures were scaled by 
1.063 to account for the collisional efficiency of N> relative to air. (C) Ef- 
fective bimolecular rate constant k,, for the nitric acid product channel. Fit 
to the data from this work in (A) and (B) (solid black line); recommendations 
by IUPAC (dotted red line) (27), NASA/JPL 2006 (dashed cyan line) (9), and 
NASA/JPL 2000 (dot-dashed purple line) (22). Pressures for the IUPAC 
recommendation (in Nz) were scaled by 1.063 to account for the collisional 
efficiency of Np relative to air. 
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760 torr. We then use an atmospheric chem- 
istry and transport model to estimate the effect 
of the new results on simulated ozone levels in 
the Los Angeles Basin. 

The total rate constant k; was measured with 
a Pulsed Laser Photolysis—Laser Induced Fluo- 
rescence (PLP-LIF) apparatus designed to over- 
come the experimental difficulties described 
above (fig. S1) (78). Pseudo first-order ([M] » 
[NO>] » [OH]o) rate constants were measured in 
air, N2, and O» buffer gases over the pressure 
range 20 to 900 torr at 298 K. We compensated 
for the reduction in OH sensitivity at higher pres- 
sures by probing the OH with a high-repetition- 
rate (10 kHz) laser. The high repetition rate was 
coupled with the use of photon counting detec- 
tion and enhanced photon collection efficiency 
to further improve the precision of the OH ki- 
netic decay profiles. High-sensitivity OH detec- 
tion allowed data to be collected above 760 torr 
while keeping the [OH]p low (<10'' cm°). To 
better quantify NO, concentrations, the NO. was 
measured directly in the reaction zone by absorp- 
tion spectroscopy over the wavelength range 410 
to 440 nm. NO; concentrations were obtained by 


fitting the entire spectral region using cross sec- 
tions measured recently by Nizkorodov et al. 
(19) over a wide range of pressures and temper- 
atures relevant to the conditions of the kinetic 
measurements. The combination of improved 
OH detection sensitivity and direct NO concen- 
tration measurements led to kinetics data with 
high precision and accuracy. 

At each pressure, k; was determined by fit- 
ting 10 to 15 measurements of the first-order loss 
of OH as a function of NO> concentration. The 
observed fall-off curves of k, versus pressure 
in nitrogen, oxygen, and air from 100 to 900 
torr (600 torr for Oz) are given in fig. S6. Our 
results support the higher range of k,; values of 
D’Ottone et al. (1/) for Nz and air near atmo- 
spheric pressure, as well as those of Anastasi and 
Smith (/0) for No, rather than the lower values of 
Donahue et al. (/2). Our measurements in air 
differ slightly from a weighted linear combina- 
tion of measurements in Oz and N> by 3 to 4%, 
which we attribute to systematic errors. Our best 
estimate is an average of these two data sets. 
Our rates at 700 torr are ~10% lower than those 
of D’Ottone et al. (//) in air, which we attribute 
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Fig. 3. Spatial distribution of predicted midday (1200 to 1300 hours) summertime ozone concen- 
trations in parts per billion in southern California using emission inventory estimates for 2010. (A) 
defines k,, as recommended by NASA/JPL 2006 (see Table 1). (B and C) show ozone changes relative to 
the base case for (B) lower k,, measured in this work and (C) higher k,, recommended by IUPAC. Apart 
from differences in k,,, all three panels rely on the same chemical mechanism (26) without other 
adjustments to describe relevant atmospheric chemistry. 


to improved sensitivity and to our more accurate 
NO, concentration measurements. 

Experiments to determine o were performed 
in a second apparatus using PLP for the genera- 
tion of radicals and infrared cavity ringdown spec- 
troscopy (CRDS) for the detection of products 
(fig. S3). The high sensitivity of CRDS enabled 
detection of the v,(OH stretch) bands of HOONO 
and HONO, products in absorption (3). We mea- 
sured relative yields of the primary products 
from the reaction of photolytically generated 
OH with excess NO, in the presence of predom- 
inantly (>90%) N> buffer gas at pressures of 100 
to 750 torr. Spectra were recorded after a delay 
of 100 us, sufficient to allow for complete 
reaction with NO>. The ratio of product concen- 
trations was determined from the integrated band 
intensities (after correcting for a small deviation 
in the HONO, absorption due to nonlinearities 
in the CRDS signal) using the ratio of v; cross 
sections obtained from high-level ab initio cal- 
culations. These calculations include electrical 
and mechanical anharmonicities; furthermore, 
the ratio of intensities is largely invariant with re- 
spect to level of theory (3), because systematic 
errors cancel. This ratio should be accurate to 5% 
based on the agreement between calculated ab- 
solute intensities and experimental results for 
nitric acid and agreement of calculated frequen- 
cies with experimental results for both nitric acid 
and HOONO (20). 

Because HOONO has an internal hydrogen 
bond, the OH absorption is blue-shifted when 
torsional vibrations, which break the hydrogen 
bond, are excited; the thermal population in these 
hot states is not fully accounted for by the mea- 
sured HOONO band (2/). To determine the 
fraction of the population that did not contribute 
to the observed HOONO band, we developed a 
three-dimensional (3D) potential surface as a 
function of the OH bond length and the HOON 
and OONO torsion coordinates (/8). We ex- 
tended our earlier work to include both torsions, 
as they were found to be strongly coupled near 
the potential minimum. Using the calculated en- 
ergy levels, we corrected for contributions to the 
HOONDO intensity absent from the observed band 
(multiplying our observed intensities by 1.2). 

Experiments were performed in N>, because 
the presence of O, would have led to the rapid 
formation of HO, and spectral interference in 
the region of interest. We expect the relative col- 
lisional efficiency of O2 in the two product chan- 
nels, Eqs. 1a and 1b, to be similar; the presence of 
O, would then not significantly alter the ratio a. 
The N> pressures for our a data were converted to 
effective air pressures by assuming the collision 
efficiency of air to be 94% that of N> (Fig. 2B). 

Our measurements of k, and a were then fit 
simultaneously to obtain the four rate parameters 
for the two channels of the reaction, Eqs. la and 
Ib (ha tas Kory, and k°;,), using the JPL for- 
mulation of the fall-off expression equation S1 
(9) (see table S7 for new recommended values). 
Fits to both data sets were obtained, as shown in 
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Fig. 2, A and B, and figs. S7 and S9. The pres- 
sure dependence of /;, at 298 K (Fig. 2C) falls 13 
to 23% below the values derived from the current 
recommendations over the range 100 to 760 Torr. 

At 760 torr of air, we find a branching ratio 
of o = 0.142 (40.012) (1 SD) and a rate co- 
efficient for the formation of nitric acid of ky, 
(298 K) = 9.2 (40.4) x 10°? cm? molecule! s! 
(1 SD), as shown in Table 1. Our value at 1 atm 
air is 13% lower than the current JPL recommen- 
dation and 23% lower than the current IUPAC 
recommendation (which assumes a = 0); the 
uncertainty in our measurement is substantially 
smaller than stated in the evaluations, which had 
to account for the large variation in k, among 
existing data sets. We anticipate that the agreement 
between our k,; measurements and the higher 
previously reported values (10, //), in combination 
with quantifying the HOONO yield, will lead to a 
reduction in the x; uncertainty in future data eval- 
uations. Our measurement agrees with the earlier 
JPL 2000 Evaluation, which has been used in 
many photochemical models (22), but the agree- 
ment is fortuitous, as this evaluation was strongly 
influenced by k; values we now believe to be too 
low (/2) and did not account for reaction 1b. 

Do the differences in k;, shown in Table 1 im- 
ply changes in air quality predictions that are im- 
portant at the policy level? To estimate the impact 
of our measured k;,, we applied a 3D Eulerian 
photochemical model (/8) to predict ozone for- 
mation in southern California under summertime 
conditions. Descriptions of the model, input data, 
and chemical mechanism are available elsewhere 
(, 23, 24). Figure 3 shows the spatial distribution 
of ozone concentrations and changes relative to 
the base case (NASA/JPL 2006) when lower (this 
study) and higher (IUPAC) values of k;, are used. 
The photochemical model predicts 5 to 7 parts per 
billion (ppb) higher O3 concentrations when using 
our value of k;, relative to the base case and 10 
to 12 ppb higher O; concentrations relative to the 
IUPAC recommendation. In these regions of high 
O3 concentrations, a 10% decrease in kj, leads to 
aroughly 10% increase in modeled O3 concentra- 
tion. The direct effect of reducing 4, is a wide- 
spread OH increase, which in turn leads to higher 
ozone levels. The relative changes in NO, and 
HNO; concentrations are smaller than for OH and 
vary in sign depending on location. Other mea- 
sures of photochemical air pollution besides mid- 
day O; concentrations have large sensitivities to 
ky, and will likewise be affected by any revi- 
sion to the value of Aj. In particular, the U.S. 
Environmental Protection Agency’s health-based 
air quality standard for O3 now considers daily 
maxima of 8-hour average rather than 1-hour peak 
concentrations. In the supporting online material, 
we show that the 8-hour average O3 concentra- 
tions are similarly sensitive to k,, (/8). 

A consideration in applying this kind of anal- 
ysis is that most air pollution models use chem- 
ical mechanisms where volatile organic compound 
(VOC) oxidation steps that are not constrained 
by laboratory data are sometimes adjusted during 


mechanism development to improve consistency 
of the model predictions with O3; measurements 
and other results of smog chamber experiments 
[see, for example, Wang et al. (25) for the case of 
aromatics]. To assess the extent to which a revi- 
sion of k;, might necessitate changes to other por- 
tions of the mechanism, we reran the simulations 
of all chamber experiments used in the evalua- 
tion of the mechanism used to produce Fig. 3 
with the new, lower value of k,, indicated by this 
work (/8). Briefly, the reduction in k,, required 
a corresponding reduction in the magnitude of 
the chamber radical source incorporated in the 
model to represent chamber effects when simulat- 
ing the data (24, 26), but otherwise the modified 
mechanism simulated the chamber data suffi- 
ciently closely to the original mechanism that no 
revisions are indicated, at least for the VOCs im- 
portant in the ambient simulations discussed here. 
As a result, the mechanism we used to produce 
Fig. 3B is consistent with the chamber data. 

We have shown that simulations using our 
revised value of /,, lead to higher predicted ozone 
concentrations by as much as 5 to 10 ppb. We can 
assess the relevance of a change of this magnitude 
by putting it in the context of human health and 
emissions control strategies. From a health stand- 
point, it was recently found that a 10-ppb increase 
in ozone concentrations leads to a 4% increase in 
risk of death from respiratory causes (27). For 
emissions controls, the 2010 sensitivity of peak 
ozone in southern California to anthropogenic VOC 
has been estimated to be about 16 metric tons per 
day per ppb O; (28). Comparing this to the total 
estimated anthropogenic VOC emissions in 2010 
of 740 metric tons per day, (7) VOC emissions 
would need to be roughly 10% lower to offset a 
5-ppb higher predicted O3 concentration. These 
two factors alone show that the magnitude of the 
changes in simulated ozone, caused by a revision 
of k;,, can lead to small but noticeable differences 
in the predictions of photochemical models used 
in assessing the impact of air pollution. 

Revisions to the rate of reaction 1 are likely 
to have an impact beyond that of air pollution. 
Chemical mechanisms are also used extensively 
in the interpretation of laboratory kinetics data, 
atmospheric field data, and satellite measure- 
ments for a host of issues, including derivation 
of rate parameters, the global HO, budget, and 
stratospheric ozone depletion. For these appli- 
cations, k,, needs to be known precisely over a 
wide range of temperatures and pressures (29). 
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Direct Observation and Quantification 
of CO, Binding Within an 
Amine-Functionalized Nanoporous Solid 


Ramanathan Vaidhyanathan,”* Simon S. Iremonger,” 
Peter G. Boyd,” Saman Alavi,” Tom K. Woo2* 


George K. H. Shimizu,?* 


Understanding the molecular details of CO2-sorbent interactions is critical for the design of better 
carbon-capture systems. Here we report crystallographic resolution of CO2 molecules and their 
binding domains in a metal-organic framework functionalized with amine groups. Accompanying 
computational studies that modeled the gas sorption isotherms, high heat of adsorption, and CO2 
lattice positions showed high agreement on all three fronts. The modeling apportioned specific binding 
interactions for each COz molecule, including substantial cooperative binding effects among the 
guest molecules. The validation of the capacity of such simulations to accurately model molecular-scale 
binding bodes well for the theory-aided development of amine-based CO, sorbents. The analysis 
shows that the combination of appropriate pore size, strongly interacting amine functional groups, 
and the cooperative binding of CO guest molecules is responsible for the low-pressure binding and 
large uptake of CO, in this sorbent material. 


from industrial processes are global chal- 
lenges. In many industrial processes, COz 
is present at low partial pressures among other 


T= capture and storage of CO, emitted 


combination of factors (lack of order, large voids, 
flexible amine groups, and random adsorption sites) 
makes the study of individual sorptive interactions 
virtually unfeasible. In contrast, the crystallinity of 


gases that ideally should be recycled. The currently 
employed capture method involves alkanolamine- 
based solvents that act as CO, scrubbers (/, 2) by 
chemisorptive formation of N-C bonded carbamate 
species (bonding energies are typically 100 kI mol '). 
Regeneration of the amine requires cleavage of 
this covalent bond by heating (at 100° to 150°C) 
to release CO. Major drawbacks of this process 
include the corrosive nature and volatility of the 
amines, their occasional decomposition, and most 
prominently, the high energy cost of their regen- 
eration (/, 2). The challenge is thus to couple ef- 
ficient CO, capture with facile release in a sorbent 
material. 

Porous systems, including zeolitic/zeotypic ma- 
terials (3, 4), mesoporous silica (5—8), porous 
carbon (9), and, more recently, metal-organic 
frameworks (MOFs) (/0-19), have been inves- 
tigated for CO, storage. Merging the inherent 
sorptive behavior of porous solids with less-basic 
amines offers a route to the sort of easy-on/easy-off 
materials described above. Less-basic amines would 
favor physisorption over chemisorption of COs, 
thus greatly reducing the energy of regeneration. 
This prospect has prompted research on many 
amine-functionalized solid materials that on the 
whole demonstrates that amines can enhance CO, 
uptake (5—8, 17-19). Despite this conclusion, 
experimental insights at a molecular level on the 


1 2 


Amount adsorbed (mmol/g) 


Amount adsorbed (mmol/g) 


MOFs enables diffraction experiments to study 
structure at a molecular level. Beyond character- 
ization of the framework, in exceptional cases, 
x-ray or neutron diffraction can allow direct visu- 
alization of gases within pores (2/—27) to eluci- 
date specific binding interactions and enable better 
sorbent design. Locating gas molecules in a MOF 
is challenging, but the systems typically display 
strong confinement effects on the guest molecules 
and/or specific sites of strong interaction (such as 
bare metal sites) that can serve as excellent models 
for understanding the interactions of gases in all 
porous systems. 

We previously noted (28) that the MOF 
Zn>(Atz)2(ox) (1) (Atz, 3-amino-1,2,4-triazole; 
ox, oxalate) showed CO) uptake at low pressures 
with an initial heat of adsorption (AHags) of ~40 
kJ mol | (Fig. | and fig. $4). After manifesting 
the expected trend of decreased AHjg, with in- 
creased coverage, the material showed a subse- 
quent increase in AH,g,, which remained over 
35 kJ mol ' during continuous gas exposure, sug- 
gesting a cooperativity effect in the binding mech- 
anism. Here we describe a detailed study, via a 
combination of crystallographic and computa- 
tional methods, of the nature of CO binding in 1. 
In a crystal structure of 1 loaded with CO, mol- 


CO2 Adsorption 273K 
CO2 Desorption 273K 
Ar Adsorption 87K 

Ar Desorption 87K 

Ar Adsorption 273K 
Ar Desorption 273K 
H2 Adsorption 273K 
H2 Desorption 273K 
N2 Adsorption 77K 
N2 Desorption 77K 
N2 Adsorption 273K 
N2 Desorption 273K 
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nature of the NH>--CO, interaction are lacking 
(20). For materials such as silica and carbon, a 
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Fig. 1. (A) Structure of the Zn-Atz layer in 1 (Zn, cyan; C, black; N, blue; H, not shown). (B) Three- 
dimensional structure of 1, wherein the Zn-Atz layers are pillared by oxalate moieties (O, red) to form a 
six-connected cubic network shown as green struts. (C) Adsorption isotherms for different gases carried 
out using 1. The inset shows heat-of-adsorption data calculated with the CO2 isotherms measured at 273 
and 293 K (fig. $5). The zero-loading heat of adsorption was calculated, using a model based on the virial 
equation (figs. S6 and $7 and table $2), to be 40.8 + 0.8 kj mol”*. 
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ecules, the CO, binding sites are readily identi- 
fied, even from room temperature diffraction data. 
The characteristics of CO, uptake in 1, including 
isotherm, heat of adsorption, and location of CO, 
molecules, are modeled with high accuracy via a 
combination of classical grand canonical Monte 
Carlo (GCMC) simulations, molecular dynamics 
(MD) simulations, and periodic density functional 
theory (DFT) calculations. Thus, 1-(CO;), 3 serves 
to calibrate these methods for modeling gas sorp- 
tion in MOFs. The modeling enables the par- 
titioning of CO, binding in 1 into components 
based both on neighboring groups and the nature 
of interaction (electrostatics/dispersion). 

Single crystals of 1 were prepared via a pro- 
cedure modified from that previously reported 
(28), for the phases with hydrated and evacuated 
pores (29). X-ray crystallography of evacuated 
1 showed no electron density in the voids, thus 
confirming the effectiveness of the activation pro- 
cedure and the stability of the crystal. CO, was then 
loaded into evacuated crystals of 1, and x-ray dif- 
fraction experiments conducted at 123, 173, 195, 
and 293 K all yielded refinable data. The CO 
molecules could be located within the pores in all 
cases and were ordered except at 293 K, where the 
disorder could be modeled. The 173-K data set 
yielded the best refinement parameters [refinement 
factor (R) = 2.7%, weighted R (R,,) = 6.5%] and 
will be used for structural discussions. 

The 173-K structure refinement gave a for- 
mula of 1-(CO );.30, which agrees well with the 
calculated loading of 1.35 CO, from the adsorp- 
tion isotherms at 840 mbar and 293 K (which are 
comparable conditions to those of single-crystal 


Fig. 2. X-ray structure of 
CO2 binding in 1-(CO3)13 at 
173 K. (A) The role of the 
amine group of Atz in binding 
CO,-l is depicted. The H atoms 
of the amine group (located 
crystallographically) H-bond 
to oxalate O atoms, directing 
the N lone pair toward the 
C(5+) atom of the CO, mole- 
cule. H-bond distances shown 
are for H-acceptor interactions. 
(B) Both crystallographically 
independent CO2 molecules 
are shown trapped in a pore, 
showing the cooperative in- 
teraction between CO>-I and 
CO,-II molecules. The CO>... 
NH, interaction is represented 
as a dotted purple bond, and 
the COz...COz interaction is 
indicated as a dotted yellow 
bond. (C) This panel shows 
the other interactions present. 
The CO>-I...0x interactions 
are shown in orange, and the 
CO>...NH2 hydrogen bond in- 
teractions are shown in green. 
For clarity, H atoms are shown 
in purple. 


2.287A 
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experiments). In the lattice Zn, aminotriazolate 
layers are pillared by oxalate ions, with free amine 
groups lining the pores (Fig. 1). 

Within each pore, two independent CO, bind- 
ing sites were located: CO -I [0(100)-C(100)- 
O(101)] and CO,-II [O(200)-C(200)-O(201)] (Fig. 
2 and fig. S1). CO,-I, near the free amine group, 
was 80% occupied, and CO>-I], closer to the ox- 
alates, was 50% occupied; in filled pores, neither 
CO, molecule showed positional disorder. CO 
could interact with an amine via N-H---O hydro- 
gen bonding or via an interaction between the N 
lone pair and the C atom of CO. The H atoms of 
the amine groups were readily located in the 
x-ray structure of 1-(CO2); 30, enabling direct vi- 
sualization of the H-bonding. CO,-I was adjacent 
to the amine, with its electropositive C atom 
oriented toward the electronegative N atom 
[C(S+)--N(S-) = 3.151(8) A; the C-N of mono- 
ethanolamine carbamate was modeled as 1.45 A 
(30) and factoring C and N van der Waal radii = 
3.25 A]. The bowing of the protons on the N 
atoms (~21° from the mean triazole plane) 
confirms that the lone pair is not delocalized into 
the triazole ring (Fig. 2). Both O atoms of CO-I 
are within the range of longer H-bonds to the 
amine [N4-H---0100 = 3.039(4), 0101 = 3.226(9) 
A], with angles also corroborating very weak 
interactions [2 N-H---O: O100 = 97.486(1)°; 
O101 = 95.822(1)°]. The C atom of CO>-I also 
interacts with an oxalate O atom lining the pore 
[C(S+). ..O(S-) = 3.155(8) A]. The amine under- 
goes stronger H-bonding with oxalate O atoms 
[N4-H---O2 = 2.888(7), 04 = 2.122(2) A, z N- 
H--O = 154.718(1)° and 137.843(1)°, respectively]. 


~~. 


re 9° 2.1224 


3.152A 


> 
C02 (I) 


CO,-II was located between oxalate groups along 
the b axis. The O(6—) of CO,-II interacts with the 
C(5+) of the oxalate [O(6—)co2)...CoHoxy = 
2.961(5) A]. In contrast to CO,-I, CO>-II interacts 
with a proximal amine via only a single H-bond 
[(N8-H:--0200 = 2.783(8), 2 N-H--O = 101.953(1)°]. 
There is an interaction between CO, molecules 
as one O atom of CO>-I forms a contact with 
the C of CO5-II [(C(5+)...O(5-) = 3.023(7) A, 
C200---0100]. This CO2-CO; interaction is high- 
ly relevant because it is most likely the origin of 
the observed increasing AH,q, with loading. 

Regarding the geometries of the CO, mole- 
cules, both appear, with sizeable uncertainties, 
slightly bent [ZO-C-O: CO>-I, 175.72(1.01)°; 
CO,-I, 177.15(1.66)°]. Given that a 36 range of 
angles approaches or includes linearity and the 
fact that neither chemical intuition nor the modeling 
studies support a nonlinear structure, the apparent 
bend of the CO, molecules probably arises from 
their positional distributions rather than any true 
distortion in bonding. The C-O bond lengths 
[CO.-I: 1.137(8), 1.079(9) A; CO,-II: 1.141(13), 
1.125(13) A] were slightly shorter than reported 
[1.155(1) A] in a 150-K/ambient pressure structure 
of pure CO, (3/). Variable-temperature x-ray crys- 
tallography showed that although the CO, bond 
lengths and angles varied slightly with temperature, 
their occupancies and orientations did not appre- 
ciably change (table S1). A decrease in total gas 
uptake would be expected with increasing tem- 
perature; however, for 1, this did not change be- 
tween 195 and 273 K. This observation, coupled 
with the order of the gas molecules, reinforces the 
fact that the collective interactions are highly 
favorable for CO, binding. Insight regarding the 
specific interactions was gained through compu- 
tational modeling. 

To investigate the nature of the CO, interactions 
with 1 and the cooperative guest-guest binding 
effects, we used a combination of dispersion- 
corrected (32) periodic DFT calculations and clas- 
sical GCMC simulations and MD simulations (33), 
in which the partial charge parameters were derived 
from the periodic DFT calculations by means of the 
REPEAT method (34). Figure 3A displays the ex- 
cellent agreement between the experimental and 
GCMC-simulated CO, adsorption isotherms of 
1 at 273 K. The parameters associated with the 
CO,-1 intermolecular potential were not adjusted to 
obtain this quality of fit. Figure 3B shows a center- 
of-mass probability density plot from a GCMC 
simulation of 1 (at 850 mbar and 273 K), where 
darker regions reveal a greater probability of finding 
CO). Even at 273 K, binding sites are well localized, 
and the symmetry of the probability clouds sug- 
gests two distinct binding sites, corroborating the 
crystallography. To compare the CO, binding sites 
determined computationally and crystallographically, 
the experimental CO} positions are superimposed 
on three-dimensional isosurfaces of the probabilities 
for C and O in Fig. 3C. The remarkable agreement 
between the simulated and experimental CO, po- 
sitions suggests that GCMC simulations that are 
often used to study gas adsorption in MOFs (33, 35) 
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not only reproduce adsorption isotherms but can 
also accurately reproduce specific binding sites. 
The nature of the CO, binding was further 
studied with dispersion-corrected periodic DFT 
calculations. With all 16 binding sites in the unit 
cell occupied, the resulting fully optimized ge- 
ometry is in excellent agreement with the x-ray 
structure, including the relevant COj-amine and 
CO,-oxalate distances (fig. S8). The exception to 
this was the geometries of both CO, molecules, 
which, unlike their geometry in the x-ray anal- 
ysis, were optimized to linear configurations, re- 
vealing that there is minimal geometric distortion 
from interaction with the framework. Radial dis- 
tribution plots extracted from the GCMC sim- 
ulations are also in agreement with the geometric 
parameters determined by crystallography (fig. 
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S10). Although specific binding sites were located 
experimentally, the CO, binding is expected to be 
dynamic in nature. This prospect has been in- 
vestigated via classical MD simulations, which 
show that, in a 1.4-ns time span, the CO, mole- 
cule can hop between several of the binding sites 
I and II (Fig. 3D). 

The CO, binding energies were calculated at 
various occupancies at the DFT level (29). When 
1 is empty, CO.-I has a binding energy of 39.6 kJ 
mol ', which is in good agreement with the 
experimental zero-loading AH,g, (40.8 + 0.8 kJ 
mol |). We see a strong cooperative enhance- 
ment of CO, binding that increases with loading. 
Specifically, the binding energy of CO>-II in- 
creases by 4.6 kJ mol ' to 37.0 kJ mol ' when an 
adjacent site I is occupied. When 1 is fully oc- 


Fig. 3. (A) Comparison of the simulated (red) and experimental (blue) CO2 gas adsorption isotherm of 
1 at 273 K. The inset shows a comparison of experimental and simulated heats of adsorption as a function 
of guest loading. (B) Center-of-mass probability density plots of CO2 molecules in 1 from a GCMC 
simulation at 850 mbar and 273 K. Probabilities along the b axis are summed and projected onto the ac 
plane. (C) Comparison of the location of the COz binding sites in 1 obtained from x-ray analysis and those 
predicted by simulation. Probability isosurface plots of the CO; O atoms are shown as transparent red 
surfaces and those of the C atoms as transparent cyan surfaces. The 16 experimentally determined CO, 
molecule positions are shown as tubes. An isosurface value of 0.15 Bohr’? is used. (D) Trace of a single 
CO molecule during a MD simulation of 1 with five CO2 molecules per unit cell or a loading of 1.6 mmol g *. 
Shown are 23 successive snapshots, separated by 62.5 ps. Other COz molecules present in the simulation 
are not shown. In (B) and (D), the approximate locations of binding sites | and II in a single channel are 
shown with dotted ellipses (site |, black; site Il, red). In (B) and (C), a single unit cell of MOF 1 is shown, 
whereas in (D) a 2 x 1 x 1 cell is depicted. In (B) to (D), the MOF framework is shown as lines and the CO, 
molecules are shown as tubes (C, light blue; O, red; N, dark blue; Zn, not shown). 


cupied less one binding site, the binding energy 
for CO,-II increases to 38.1 kJ mol ', whereas 
that of CO>-I is 44.2 kJ mol '. Further insight 
into the nature of the CO, binding can be gained 
by partitioning the total binding energy. This 
analysis reveals that 82% of the binding energy 
of site I is due to dispersion, whereas 18% results 
from electrostatics (29). This contrasts with site 
II, where the binding energy is almost entirely 
(99%) due to dispersion interactions. 

The cooperative binding in 1 can be attributed 
to a combination of dispersion and electrostatic 
interactions between CO, molecules, which can 
be quantified by using DFT to evaluate the 
interaction energy between two CO molecules at 
sites I and II in a vacuum (29). This calculation 
gives a CO,-CO, interaction energy of 3.9 kJ 
mol |, which accounts for most of the observed 
4.6-kJ mol ' binding enhancement. Of the 3.9- 
kJ mol! interaction between CO, molecules, 
66% can be attributed to dispersion and 34% can 
be assigned to electrostatics. The same analysis, 
with the MOF fully loaded, attributes 61% of the 
interaction to dispersion and 39% to electrostatics, 
suggesting similar cooperativity at higher loadings. 

Several key insights obtained from the de- 
tailed analysis of the binding interactions in 1 have 
implications for the design of future materials used 
for the physisorption of CO,. The relatively high 
binding energies observed in the material are dom- 
inated by dispersion interactions. Because CO, 
has a substantial quadrupole moment, there is op- 
portunity to further increase the binding energies 
through appropriately designed binding sites that 
maximize the electrostatic interactions with CO>. 
The importance of the cooperative guest binding to 
the uptake of CO, in 1 is another key insight. In 
particular, the proper mutual orientation and high 
density of binding sites can be used as a strategy to 
increase CO, binding energies. Further, we believe 
that these strategies can be incorporated into mate- 
rials with larger pores, in order to increase the 
overall CO, uptake capacity and binding energies, 
thereby improving the uptake properties in the im- 
portant low-—partial-pressure regime. In the broadest 
sense, via detailed modeling, this study lays the 
groundwork for the design of easy-on/easy-off 
physisorptive materials for CO, capture, designed 
from the characteristics of the guest molecules out- 
ward rather than from the host framework inward. 


References and Notes 

1. G. T. Rochelle, Science 325, 1652 (2009). 

2. B. Arstad, R. Blom, O. Swang, J. Phys. Chem. A 111, 
1222 (2007). 

3. A. Zukal, |. Dominguez, J. Mayerova, J. Cejka, Langmuir 
25, 10314 (2009). 

4. R. V. Siriwardane, M. S. Shen, E. P. Fisher, J. Losch, 
Energy Fuels 19, 1153 (2005). 

5. Y. Belmabkhout, A. Sayari, Adsorption 15, 318 (2009). 

6. S. Kim, J. Ida, V. V. Guliants, J. Y. S. Lin, J. Phys. Chem. B 
109, 6287 (2005). 

7. S. N. Kim, W. J. Son, J. S. Choi, W. S. Ahn, Microporous 
Mesoporous Mater. 115, 497 (2008). 

8. J. Wei et al., Microporous Mesoporous Mater. 116, 
394 (2008). 

9. B. J. Kim, K. S. Cho, S. J. Park, J. Colloid Interface Sci. 
342, 575 (2010). 


29 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on October 28, 2010 


10. B. Wang, A. P. Cété, H. Furukawa, M. O'Keeffe, 
0. M. Yaghi, Nature 453, 207 (2008). 
11. P. K. Thallapally et al., J. Am. Chem. Soc. 130, 
16842 (2008). 
12. A. R. Millward, O. M. Yaghi, J. Am. Chem. Soc. 127, 
17998 (2005). 
13. N. A. Ramsahye et al., J. Phys. Chem. C 112, 514 (2008). 
14. S. R. Caskey, A. G. Wong-Foy, A. J. Matzger, J. Am. Chem. 
Soc. 130, 10870 (2008). 
15. A. Phan et al., Acc. Chem. Res. 43, 58 (2010). 
16. K. S. Walton et al., J. Am. Chem. Soc. 130, 406 (2008). 
17. A. Demessence, D. M. D’Alessandro, M. L. Foo, J. R. Long, 
J. Am. Chem. Soc. 131, 8784 (2009). 
18. J. An, S. J. Geib, N. L. Rosi, J. Am. Chem. Soc. 132, 
38 (2010). 
19. B. Arstad, H. Fjellvag, K. O. Kongshaug, O. Swang, R. Blom, 
Adsorption 14, 755 (2008). 
20. C. Villiers, J. P. Dognon, R. Pollet, P. Thuéry, 
M. Ephritikhine, Angew. Chem. Int. Ed. 49, 3465 
(2010). 
21. R. Kitaura et al., Science 298, 2358 (2002). 
22. R. Matsuda et al., Nature 436, 238 (2005). 
23. S. Takamizawa et al., J. Am. Chem. Soc. 132, 3783 (2010). 
24. J. P. Zhang, X. M. Chen, J. Am. Chem. Soc. 131, 
5516 (2009). 


25. P. D. C. Dietzel et al., Chem. Commun. (Camb.) 41, 
5125 (2008). 

26. H. Wu, J. M. Simmons, G. S. Srinivas, W. Zhou, 

T. Yildirim, J. Phys. Chem. Lett 1, 1946 (2010). 

27. V.K. Peterson, Y. Liu, C. M. Brown, C. J. Kepert, J. Am. 
Chem. Soc. 128, 15578 (2006). 

28. R. Vaidhyanathan, S. S. Iremonger, K. W. Dawson, 

G. K. H. Shimizu, Chem. Commun. (Camb.) 35, 
5230 (2009). 

29. Supporting material on Science Online includes 
complete details of the crystallography (crystallographic 
information files for all temperatures), gas sorption 
experiments, and computational modeling (including a 
movie showing the correlation of experimental and 
modeled CO, positions in 1). 

30. H. Deguchi et al., Ind. Eng. Chem. Res. 49, 6 (2010). 

31. A. Simon, K. Peters, Acta Crystallogr. B 36, 2750 
(1980). 

32. S. Grimme, J. Comput. Chem. 27, 1787 (2006). 

33. T. Duren, Y. S. Bae, R. Q. Snurr, Chem. Soc. Rev. 38, 
1237 (2009). 

34. C. Campafid, B. Mussard, T. K. Woo, J. Chem. Theory 
Comput. 5, 2866 (2009). 

35. M. Tafipolsky, S$. Amirjalayer, R. Schmid, Microporous 
Mesoporous Mater. 129, 304 (2010). 


REPORTS 


36. T.K.W. and G.K.H.S. thank the Natural Sciences and 
Engineering Research Council of Canada. G.K.H.S. thanks 
the Institute for Sustainable Energy, Environment 
and Economy at the University of Calgary and the 
Alberta Energy Research Institute for partial financial support 
of this work. T.K.W. and P.G.B. thank the Canada Research 
Chairs Program and the High Performance Computing 
Virtual Laboratory for financial support. Crystallographic 
data for the structures reported in this paper have been 
deposited with the Cambridge Crystallographic Data Centre 
(CCDC) under reference numbers CCDC 782638 to 782642. 
These data can be obtained free of charge via www.ccdc. 
cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union 
Road, Cambridge CB2 1EZ, UK). 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/330/6004/650/DC1 
Materials and Methods 

SOM Text 

Figs. $1 to $12 

Tables $1 to $5 

References 

Movie $1 


25 June 2010; accepted 30 September 2010 
10.1126/science.1194237 


The Occurrence and Mass 
Distribution of Close-in Super-Earths, 
Neptunes, and Jupiters 


Andrew W. Howard,”'2* Geoffrey W. Marcy,? John Asher Johnson,? 
Debra A. Fischer,* Jason T. Wright,> Howard Isaacson,’ Jeff A. Valenti,° 


Jay Anderson,® Doug N. C. Lin,”® Shigeru Ida? 


The questions of how planets form and how common Earth-like planets are can be addressed 

by measuring the distribution of exoplanet masses and orbital periods. We report the occurrence 
rate of close-in planets (with orbital periods less than 50 days), based on precise Doppler 
measurements of 166 Sun-like stars. We measured increasing planet occurrence with decreasing 
planet mass (M). Extrapolation of a power-law mass distribution fitted to our measurements, 
dfidlogM = 0.39 M-°-*®, predicts that 23% of stars harbor a close-in Earth-mass planet (ranging 
from 0.5 to 2.0 Earth masses). Theoretical models of planet formation predict a deficit of planets 
in the domain from 5 to 30 Earth masses and with orbital periods less than 50 days. This region of 
parameter space is in fact well populated, implying that such models need substantial revision. 


he architecture of our solar system, with 
] small rocky planets orbiting close to the 
Sun and gas-liquid giant planets farther 


out, provides key properties that inform theories 
of planet formation and evolution. As more plan- 
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etary systems are discovered, the planet occur- 
rence fractions and distributions of mass and 
orbital distance similarly shape our understanding 
of how planets form, interact, and evolve. Such 
properties can be measured using precise Doppler 
measurements of the host stars that interact gravi- 
tationally with their planets. These measurements 
reveal the planetary orbits and minimum masses 
(M sini, due to unknown orbital inclinations /). 

In the core-accretion theory of planet forma- 
tion, planets are built from the collisions and 
sticking together of rock-ice planetesimals, grow- 
ing to Earth size and beyond, followed by the 
gravitational accretion of hydrogen and helium 
gas. This process has been simulated numeri- 
cally (/—4), predicting the occurrence of planets 
in a two-parameter space defined by their masses 
and orbital periods (P). These simulations pre- 
dict that there should be a paucity of planets, a 
“planet desert” (3), in the mass range from ~1 


to 30 Earth masses (Mgartn) orbiting inside of 
~1 astronomical unit (AU), depending on the 
exact treatment of inward planet migration. 

We used precise Doppler measurements of 
a well-defined sample of nearby stars to detect 
planets having masses of 3 to 1000 Meantn or- 
biting within the inner 0.25 AU. The 235 main- 
sequence G-, K-, and M-type dwarf stars in 
our NASA-University of California Eta-Earth 
Survey were selected from the Hipparcos cat- 
alog on the basis of brightness (V < 11), distance 
(<25 pc), luminosity (My > 3.0), low chromo- 
spheric activity (logR'yK < —4.7), lack of stellar 
companions, and observability from Keck Obser- 
vatory. The resulting set of stars is nearly free of 
selection bias; in particular, stars were neither 
included nor excluded based on their likelihood 
to harbor a planet. [The stars and planets are listed 
in the supporting online material (SOM).] Here 
we focus on the 166 G- and K-type stars, with 
masses of 0.54 to 1.28 solar masses and B- V< 
1.4. We analyzed previously announced planets, 
new candidate planets, and nondetections on a 
star-by-star basis to measure close-in planet oc- 
currence as a function of planet mass. 

We measured at least 20 radial velocities 
(RVs) for each star, achieving 1 ms | precision 
(5) with the HIRES echelle spectrometer (6) at 
Keck Observatory. To achieve sensitivity on time 
scales ranging from years to days, the observa- 
tions of each star were spread over 5 years, with 
at least one cluster of 6 to 12 observations in a 
12-night span. Stars with candidate planets were 
observed intensively, leading to several discov- 
eries (5, 7, 8). In total, 33 planets (Fig. 1) have 
been detected around 22 stars in our sample 
(5, 7, 9-22), some of which were discovered by 
other groups. Sixteen of these planets have P < 
50 days. Our analysis also includes five can- 
didate low-mass planets from the Eta-Earth 
Survey with P < 50 days and false alarm prob- 
abilities (5) of <5%. 


www.sciencemag.org SCIENCE VOL 330 29 OCTOBER 2010 


653 


Downloaded from www.sciencemag.org on October 28, 2010 


REPORTS 


654 


For each star without a detected or candidate 
planet, we computed on a fine grid of orbital pe- 
riods the maximum planet mass that would be 


Fig. 1. Detected planets 
(green circles) and candi- 
date planets (orange tri- 
angles) from the Eta-Earth 
Survey as a function of 1000 
orbital period and mini- 
mum mass. Five mass do- 
mains (3 to 10, 10 to 30, 
30 to 100, 100 to 300, 
and 300 to 1000 Meartr) 
out to 50-day orbits are 
marked with dashed lines. 
Search completeness— 
the fraction of stars with 
measurements sufficient 
to rule out planets in cir- 
cular orbits of a given 
minimum mass and or- 
bital period—is shown as 
blue contours from 0.0 to 
1.0 in steps of 0.1. 
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compatible with the RV measurements. We as- 
sumed circular orbits and removed linear trends 
and stellar activity correlations (when appropriate) 


Search Completeness (C) 


Fig. 2. Histogram of the occurrence rate of stars hosting planets with orbital periods of less than 50 days 
in five mass ranges. Detected (green), candidate (orange), and missed (blue) planets are depicted sep- 
arately. Missed planets statistically correct for planets that are detectable by measurements at 1 m s“* but 


were missed because of nonuniform sensitivity. 


before fitting. Above this mass limit at a partic- 
ular period, a planet would be detected; below it, 
the existence of a planet cannot be ruled out. 
Folding together these limits for all stars, we de- 
rived a search completeness function, C(P, M 
sini). As shown in Fig. 1, C is the fraction of stars 
with measurements sufficient to rule out planets 
of a given minimum mass and orbital period. 

We computed the occurrence rate—the frac- 
tion of stars orbited by planets—in five planet- 
mass domains restricted to orbital periods of P < 
50 days (Fig. 2). In the three largest mass do- 
mains, our survey is complete because these plan- 
ets impart easily detectable Doppler signatures 
(K>9 ms‘). In the two lowest-mass domains, 
there are markedly higher planet occurrence rates, 
despite reduced sensitivity (depicted by the shaded 
regions in Fig. 1). We corrected for this incom- 
pleteness by computing a “missing planet correc- 
tion” by sampling C(P, M sini) for each detected 
and candidate planet. The fraction of stars capa- 
ble of revealing each planet is C; therefore, for 
each detected or candidate planet, 1/C — 1 missed 
planets remain undetected. Summing over de- 
tected and candidate planets, we estimate that 
10.2 and 4.6 planets were missed in the 3 to 10 
and 10 to 30 Mgarn mass domains, respectively. 
Including these missed planets and using bino- 
mial statistics (SOM), we computed the planet 
occurrence rates shown in Fig. 2. There is a sub- 
stantial increase in planet occurrence with de- 
creasing planet mass. 

We fit the planet occurrence rate in five mass 
domains to a power law, dfdlogMz = kM¢, 
where d//dlogMg is the occurrence rate in a logio 
mass interval, M= Mg sini/Mearn, k = 0.39%) a ‘ 
and o = —0.487):!?. Using this model, we ex- 
trapolated speculatively into two important mass 
domains below our detection limit. We expect 
planets of mass from 1 to 3 Mgarn to orbit 1478% 
of Sun-like stars. For Earth-mass planets with 
M sini = 0.5 to 2 Mgann and P < 50 days, we 
predict an occurrence rate of Neath = 232 16%. 

Our measurements in the two largest mass 
domains are consistent with a 1.2 + 0.2% oc- 
currence rate of “hot Jupiters” within 0.1 AU 
(P < ~12 days) for FGK dwarfs (23). At lower 
masses, our results are consistent with the two 
planets in the mass range M sini = 5 to 30 Meantn 
with P < 16 days detected around 24 FGK 
dwarfs surveyed by the Anglo-Australian Tele- 
scope (24). Mayor et al. have noted a substan- 
tially higher planet occurrence rate, from 30 + 
10% (25) to “at least 50%” (26), for planets 
with M sini = 3 to 30 Mgayn, and P < 50 days 
around GK stars, based on measurements with 
the HARPS (High Accuracy Radial Velocity 
Planetary Search) spectrometer. Accounting for 
missed planets, we find an occurrence rate of 
15*?% with a 24% upper limit (95% confidence) 
for this range of parameters. 

Our analysis extends to lower masses the 
work of Cumming et al. (27), who measured 
10.5% of solar-type stars hosting a gas-giant 
planet (M sini = 100 to 3000 Megarntn, P = 2 to 
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2000 days), with planet occurrence varying as 
df cc M 03! * 02 p026 = 0.1 qiogif dlogP. Al- 
though the details of planet formation prob- 
ably differ for gas-giant and terrestrial planets, 
we can speculate that if the trend of increasing 
planet occurrence with longer orbital period holds 
down to an Earth mass, then Narn = 23% is an 
underestimate for orbits near 1 AU. For orbits be- 
yond the ice line (~2.5 AU), gravitational micro- 
lensing searches find three times as many Neptunes 
as Jupiters (28), suggesting that planet occur- 
rence also increases with decreasing planet mass 
in this domain. 

The distribution of planets in the mass/orbital- 
period plane (Fig. 1) reveals important clues 
about planet formation and migration. Planets 
with M sini = 10 to 100 Mgartn and P < 20 days 
are almost entirely absent. There is also an over- 
density of planets starting at P< 10 days and M@ 
sini = 4 to 10 Meath and extending to higher 
masses and longer periods. These patterns sug- 
gest different formation and migration mecha- 
nisms for close-in low-mass planets as compared 
to massive gas-giant planets. 

Population synthesis models of planet for- 
mation predict an increase in planet occurrence 
with decreasing planet mass (2, 29). However, 
the bulk of their predicted low-mass planets re- 
side near the ice line, well outside of the P < 50 
days domains analyzed here. In fact, these models 
predict a “planet desert” precisely in the domain 
of mass and period where we detect an over- 
density of planets. The desert emerges naturally in 
the simulations (3, 4) from fast migration and ac- 
celerating planet growth. Most planets are born 
near or beyond the ice line, and those that grow to 
a critical mass of several Earth masses either rap- 
idly spiral inward to the host star or undergo 


runaway gas accretion and become massive gas 
giants. Our measurements show that population 
synthesis models of planet formation are cur- 
rently inadequate to explain the distribution of 
low-mass planets. 

The Kepler mission (30) is currently survey- 
ing 156,000 faint stars for transiting planets as 
small as Earth. Our power-law model predicts 
that Kepler will detect a bounty of close-in small 
planets: an occurrence rate of 22% for P < 50 days 
and M sini = | to 8 Meann, corresponding to | to 
2 Earth radii, assuming terrestrial, Earth-like 
density (5.5 kg m°). When the mission is com- 
plete, we estimate (see SOM) that Kepler will have 
detected the transits of 120 to 260 of these plau- 
sibly terrestrial worlds orbiting the ~10* G and 
K dwarfs brighter than 13th magnitude (3/, 32). 
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Transferable GaN Layers Grown 
on ZnOQ-Coated Graphene Layers 
for Optoelectronic Devices 


Kunook Chung,’ Chul-Ho Lee,”’? Gyu-Chul Yi?* 


We fabricated transferable gallium nitride (GaN) thin films and light-emitting diodes (LEDs) 
using graphene-layered sheets. Heteroepitaxial nitride thin films were grown on graphene layers by 
using high-density, vertically aligned zinc oxide nanowalls as an intermediate layer. The nitride 
thin films on graphene layers show excellent optical characteristics at room temperature, such as 
stimulated emission. As one of the examples for device applications, LEDs that emit strong 
electroluminescence emission under room illumination were fabricated. Furthermore, the 

layered structure of a graphene substrate made it possible to easily transfer GaN thin films and 
GaN-based LEDs onto foreign substrates such as glass, metal, or plastic. 


gallium arsenide (GaAs) and gallium ni- 
tride (GaN) provide many advantages over 
organic materials for optoelectronic device ap- 
plications, including high carrier mobility and 
radiative recombination rates, as well as long-term 


[at compound semiconductors such as 


stability and reliability (J, 2). However, prob- 
lems associated with high-quality inorganic film 
growth on large or flexible substrates represent 
one of the major obstacles to the use of inorganic 
semiconductors in foldable-display and _ solar- 
cell applications. Previous techniques such as epi- 


taxial growth and lift-off circumvent this problem 
by separation of the thin film from the growth 
substrates (3-6), but difficulty in separating the 
film from a single-crystal substrate limits their use. 
Meanwhile, the layered structure of graphene 
sheets, which consist of weakly bonded layers 
of hexagonally arranged carbon atoms held to- 
gether by strong covalent bonds, makes it easy to 
transfer the film to foreign substrates. Here, we 
describe the methods to grow a high-quality, epi- 
taxial GaN layer and fabricate In,Ga;_,.N/GaN 
multi-quantum-well (MQW)-structure light- 
emitting diodes (LEDs) on graphene layers. Fur- 
thermore, the LEDs were transferred onto foreign 
substrates, such as metal, glass, and plastic, and 
exhibited strong light emission even under room 
illumination. 
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Because of the excellent optical and electrical 
characteristics of nitride semiconductors, full- 
color-spectrum nitride LEDs with high efficien- 
cy and reliability and long-term stability are now 
commercially available (7). Nevertheless, problems 
of limited substrate size, high cost, high-resistance 
ohmic contacts, and poor heat dissipation remain, 
primarily because of the requirement of a sapphire 
substrate for nitride film growth. Additionally, 
for large-area or flexible-device applications, the 
device must be fabricated on glass, plastic, or metal 
substrates. However, high-quality, epitaxial nitride 
films can be grown only on a lattice-matched 
single-crystal substrate at a high growth tempera- 
ture, above 1000°C (J); glass and plastic substrates 
have no tolerance for such high temperatures and, 
as amorphous materials, cannot be used for epi- 
taxial growth of a crystalline film (8). For this 
reason, previous techniques—most notably epi- 
taxial growth and lift-off—have separated thin 
films from their growth substrates to make flip- 
chip devices on metal substrates (3-6). However, 
difficulties in separating the films from a single- 
crystal substrate arising from strong bonding 
between GaN and sapphire and their high me- 
chanical and chemical stability have limited the 
use of such techniques. This difficulty can be re- 
solved readily by using substrates composed of 
graphene layers because the graphene-layer struc- 
ture makes it possible to transfer the epitaxial 
film grown on graphene layers to substrates such 
as metal, glass, and plastic. As recently reported, 
large graphene films that exhibit high-temperature 
stability, optical transparency, mechanical flexi- 
bility, and electrical and thermal conductivities 
are now available (9, /0). 

The basic strategy for epitaxial growth of 
GaN on graphene layers is shown in Fig. 1 (//). 
A murror-smooth, epitaxial GaN thin film could 
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not be grown on pristine graphene layers, pre- 
sumably because of the lack of chemical re- 
activity. Although GaN nucleation would not 
occur on the basal plane of pristine graphene, 
GaN islands can be grown readily along the nat- 
urally formed step-edges (fig. SLA). Accordingly, 
the first step is to create many step-edges, which 
can then act as nucleation sites. Oxygen-plasma 
treatment can make graphene rough (/2). Mean- 
while, although the oxygen-plasma treatment in- 
creased the GaN island density, GaN films were 
polycrystalline, and their surfaces were rough 
and irregular (fig. S1B), which is similar to the 
previous report on GaN films that were grown 
on graphite substrates (8). Even the typical use 
of a low-temperature GaN buffer layer did not 
improve the film crystallinity or morphology. Thus, 
we grew high-density zinc oxide (ZnO) nanowalls 
on oxygen-plasma-treated graphene layers: an 
intermediate layer for GaN growth. Figure 1, C 
and D, shows scanning electron microscopy 
(SEM) images of high-density, epitaxial ZnO nano- 
walls grown on plasma-treated graphene layers 
and a GaN thin film on the nanowalls, respec- 
tively. As previously reported (/3), ZnO nano- 
walls are grown along naturally formed graphene 
step-edges, and accordingly, step-edges generated 
by oxygen-plasma lead to the formation of high- 
density ZnO nanowalls. Because of the same crys- 
tal structure and small lattice misfits with GaN, 
epitaxial GaN films grow on the nanowalls by 
means of lateral overgrowth. Although the lateral 
overgrowth depended on the nanowalls density 
(fig. S3), the SEM image in Fig. 1D shows the 
flat surface morphology. The high-density ZnO 
nanowalls play a critical role in the heteroepitax- 
ial growth of GaN on graphene layers. 

We obtained photoluminescence (PL) spec- 
tra (Fig. 2) of GaN thin films grown on graphene 


GaN thin film growth 


NH; 


Fig. 1. (A) Schematic illustrations of fabrication processes for epitaxial GaN thin films. (B) Optical 
microscopic image of oxygen-plasma—treated graphene layers. (C and D) SEM images of (C) ZnO 
nanowalls grown on plasma-treated graphene layers and (D) GaN thin film grown on ZnO nanowalls on 


plasma-treated graphene layers. 


layers at room temperature using a continuous- 
wave helium-cadmium (He-Cd) or pulsed 
neodymium-doped yttrium aluminum gamet 
(Nd:YAG) laser as the optical excitation source. 
At a low excitation power of 1 W/cm? with a 
He-Cd laser, the dominant PL emission peak was 
at 3.40 eV, and a very weak deep-level emission 
was at 2.2 eV, which correspond to near-band- 
edge (NBE) emission associated with excitons and 
deep levels, respectively. This strong NBE emis- 
sion with the extremely low deep-level emission 
indicates the high optical quality of GaN films 
on graphene layers. For low excitation power with 
the pulsed Nd:YAG laser [below a threshold val- 
ue (/,) of 0.6 MW/cm’], the broad NBE emis- 
sion peak was still observed at 3.40 eV, which is 
quite similar to that measured by using a He-Cd 
laser, although a shoulder was also seen at 3.34 eV. 
The integrated intensity increased linearly with 
the pumping power, indicating that the observed 
peak originated from the spontaneous emission. 
However, for excitation power above /,, a very 
sharp and strong PL emission at 3.29 eV predom- 
inated that evolved from the low-energy shoulder 
of the spontaneous emission. Furthermore, the 
integrated PL intensity increased superlinearly 
with the pumping power, providing evidence of 
the stimulated emission. The threshold pumping 
power of 0.6 MW/cm”, estimated from the inset 
in Fig. 2, is similar to the previously reported 
values of 0.56 to 0.70 MW/cm* for GaN thin 
films on sapphire, silicon (Si), and silicon carbide 
(SiC) substrates (14-16). 

The heteroepitaxial growth of a high-quality 
thin film on graphene layers provides a hybrid 
heterostructure of a three-dimensional bulk single- 
crystal and a two-dimensional molecular mate- 
rial. When we use graphene layers as a substrate 
for the heteroepitaxial growth, a potential major 
advantage is that lattice mismatch may not be 
considered seriously because the graphene layers 
have weak bonding to each other. As determined 
with x-ray diffractometry and transmission elec- 
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Fig. 2. Room-temperature PL spectra of GaN thin 
films grown on graphene layers. The thick black 
line and thin color lines represent the PL spec- 
trum measured by using a continuous-wave He-Cd 
laser and the power-dependent PL spectra by using 
a pulsed Nd:YAG laser, respectively. (Inset) The 
integrated emission intensity as a function of the 
optical excitation. 
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tron microscopy, GaN films grown on graphene 
layers are of high crystallinity (figs. S4 and S5). 
The layered graphene substrates also allow trans- 
fer of the thin films onto foreign substrates and for 
the graphene layers to serve as electrode materials. 

Schematic diagrams of the fabrication of GaN 
thin-film LEDs on graphene layers and their trans- 
fer onto foreign substrates are shown in Fig. 3A. 
To fabricate LED structures, a 2-um-thick layer of 
Si-doped n-GaN, three-period In,Ga,_,.N/GaN 
MQWs, and a 350-nm-thick layer of Mg-doped 
p-GaN were deposited on the flat GaN film grown 
on graphene layers. For the electroluminescent 
(EL) devices, the metallic graphene layers under- 
neath n-GaN and nickel/gold (Ni/Au) bilayers 
deposited on the top surface of p-GaN were 
used as n- and p-type contacts, respectively. After 
fabricating the devices, thin-film LEDs on the 
graphene layers were removed mechanically from 
the original substrate and transferred onto for- 
eign substrates of metal, glass, and plastic. 

All transferred devices emitted very strong blue 
light emissions that could be seen with unaided 
eyes under normal room illumination. As shown 
in the optical microscopy image in Fig. 3B, the 
light emission was fairly uniform over the area of 


A 


LED fabrication 


As fabricated 


oe 


Mechanical lift-off 


300 um by 300 um, presumably because of uni- 
form current spreading and injection through the 
metallic bottom electrode—composed of graphene 
layers—used in this device geometry. Each sub- 
strate in Fig. 3B has benefits for LED applica- 
tions. Metal substrates provide good thermal and 
electrical conductivity for high-power LEDs, where- 
as a glass or plastic substrate may allow inorganic 
LEDs to be fabricated as large-area, full-color LED 
displays in flexible or stretchable forms. Further- 
more, GaN-based epitaxial films on graphene lay- 
ers may readily be used as functional components 
of photovoltaic devices. 

The EL characteristics of the LED transferred 
onto plastic were investigated further by measur- 
ing power-dependent EL spectra and optical im- 
ages of emissions at room temperature. The EL 
spectra and corresponding EL images of the LED 
at various applied current levels are shown in 
Fig. 4A. The LED light emission images and the 
EL spectra show an increase of emission intensity 
with the applied current levels of 5.1, 6.4, and 
8.1 mA. We also observed that the dominant peak 
shifted from 2.71 to 2.75 eV as the applied current 
level increased from 1.7 to 8.1 mA. This blue 
shift can be explained in terms of both a band- 


Transfer of LED 


Fig. 3. (A) Schematic illustration of the fabrication and transfer processes for thin-film LEDs grown 
on graphene-layer substrates. (B) Optical images of light emissions from the as-fabricated LED on 
the original substrate and transferred LEDs on the foreign metal, glass, and plastic substrates. 
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Fig. 4. (A) Room-temperature EL spectra of the LED transferred onto a plastic substrate. Optical mi- 
croscopy images show the light emission at different applied current levels of 1.7 to 8.0 mA. (B) Current 
density and integrated EL intensity as a function of the applied bias voltage of a representative LED on a 
plastic substrate. The solid line and open circles correspond to the current density and integrated EL 


intensity, respectively. 


REPORTS 


filling effect of the localized energy states and a 
screening effect by the internal polarization elec- 
tric field typically observed in LEDs with GaN/ 
In,_,Ga,N MQW structures grown on a polar 
surface of GaN(0001) (77). 

In addition to the EL characteristics, the elec- 
trical characteristics of the transferable LEDs 
were investigated by measuring their current- 
voltage (/-V) characteristic curves. The LV char- 
acteristic curve of the transferred LED onto plastic 
in Fig. 4B shows a good rectifying behavior with 
a turn-on voltage of 4.5 V and a leakage current 
of 1 x 10° A at-4 V, which is similar to those 
of the as-fabricated LED. However, compared 
with conventional GaN thin-film LEDs prepared 
on sapphire substrates the turn-on voltage was 
slightly higher because of energy barriers at the 
junctions between the three-material system of 
graphene, ZnO, and GaN. 

Epitaxial nitride thin films grown on graphene 
layers exhibit both the optical characteristics of 
the compound semiconductor and the electrical 
and mechanical characteristics of the graphene 
layers. The transfer of the materials and devices 
fabricated on graphene onto foreign substrates 
should provide advantages in integration and 
design of electronics and optoelectronic devices. 
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Large 5'°C Gradients in the 
Preindustrial North Atlantic Revealed 


658 


Are Olsen?* and Ulysses Ninnemann7? 


The carbon isotopic composition (77¢/"*C, expressed as 5°°C) of fossil foraminifera is the primary 
tracer used to infer changes in past ocean ventilation, and its variations are interpreted by using the 
modern oceanic 57°C distribution as a framework. However, the present ocean 8%C distribution is 
strongly overprinted by isotopically light anthropogenic carbon dioxide. A correction for this oceanic 
C-13 Suess effect in the North Atlantic (NA) shows that the pristine NA 5°°C distribution has a richer 
and more detailed structure that is more clearly related to water mass distributions. Our results 
revise some fundamental perceptions regarding glacial-interglacial ocean "°C differences and allow 
paleo-5"°C variations to be understood within the context of modern climate variability. 


12 (expressed as 8'°C) of dissolved inor- 
ganic carbon in seawater as mapped during 
the GEOSECS (Geochemical Ocean Sections 
Study) surveys has been the primary frame of 
reference for interpretation of foraminiferal 8'°C, 
the most used proxy for investigating water mass 
distributions and carbon cycling in paleo-oceans. 
Isotopically, the modern North Atlantic (NA) ap- 
pears to be fairly homogenous and is dominated 
at depth by a single enriched (low nutrient) water 
mass, NA Deep Water (NADW) (J). Yet sedimen- 
tary &'°C records commonly show values that ap- 
pear inconsistent with this configuration of the 
NA. For example, Holocene records reveal what 
appears to be a much more dynamic NA, with 
frequent submillenial 8°C oscillations (2), and 
glacial reconstructions reveal a two-layered NA, 
with the upper 2000 m filled by Glacial NA In- 
termediate Water (GNAIW), identified by its 
uniquely high end-member 8'°C value of 1.5 per 
mil (%o) not apparent in the modern NA (3, 4). 
By the principle of uniformitarianism (5), the 
specific processes determining the modern ocean 
5'°C values and gradients are the most likely can- 
didates for affecting past changes. Unfortunate- 
ly, the details of these processes are obscured, 
and our perception of the ocean configuration is 
biased by invasion of isotopically light anthro- 
pogenic CO, since industrialization (6). This is 
known as the C-13 Suess effect, and, until it is 
quantified in sufficient detail to resolve the spa- 
tial differences of its impact, modern surveys 
will not provide a fully adequate context for un- 
derstanding paleo-8'°C changes. To circumvent 
this, we introduce a two-stage method that quan- 
tifies the C-13 Suess effect on a sample by 
sample basis in the North Atlantic (7) and show 
how it has erased the 8'°C signatures of key NA 
water masses and smoothed preanthropogenic 
ocean gradients, substantially complicating the 
interpretation of paleo-5'°C records. 


T: global distribution of carbon-13/carbon- 
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The distribution of &'°C as observed in 1993 
(Fig. 1A) appears even more homogenous than 
the GEOSECS distribution (7), demonstrating the 
increasing Suess effect over the two decades sep- 
arating these campaigns. In stark contrast, the sec- 
tion of reconstructed preindustrial 8'°C, 8'°C"! 
(Fig. 1B), reveals a rich structure where the water 
masses [as identified in (7)] have much more dis- 
tinct signatures (Figs. 1B and 2). Perhaps most 
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20°N—- 30°N 


40°N 


notable is the emergence of a tongue of high 
3'C" associated with Labrador Sea Water (LSW) 
in the mid-depth NA south to about 40°N, suggest- 
ing that this water mass plays a much more im- 
portant role in setting NA 8'°C than previously 
recognized (both through direct ventilation and as 
a potential source of high &'°C water for entrain- 
ment by Nordic Seas overflows). Over recent dec- 
ades, changes in the distribution of LSW have 
occurred in response to the North Atlantic Oscilla- 
tion (NAO) (8); following periods of strong nega- 
tive NAO forcing, the layer of LSW in the mid-depth 
subpolar NA thins, shifting the boundary between 
LSWand Northeast Atlantic Deep Water (NEADW) 
to shallower depths. Conversely, strong positive 
NAO forcing leads to thickening of the layer of 
LSW, shifting the boundary deeper. Such variabil- 
ity in the past could be an important influence on 
NA 81°C sedimentary records and particularly on 
those located near the boundary of LSW, where 
there are strong water mass-related 5'°C"" gradi- 
ents. For example, shifts in the LSW-NEADW 
boundary relative to the core site designated in Fig. 
1B could explain all but the largest of the Holo- 
cene 8'°C variations observed at this location (2). 
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Fig. 1. Section of 1993 87°C (A) and 5*2C" (B) reconstructed as described in (7), along 20°W in the 
North Atlantic. The red triangle shows the location of the core used by (2), at 55°N, 15°W and depth of 
2179 m, projected onto our section. The water masses were identified in (7) and have been labeled 
accordingly. AAIW, Antarctic Intermediate Water; see text for the other abbreviations. 
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Fig. 2. Relationship between phosphate 
and 87°C (blue) and 8c"! (red) with linear 
regression lines as determined from sam- 
ples obtained deeper than 200 m north of 
20°N at the 1993 Malcolm Baldridge cruise. 
The black line is the —1.1 relationship ex- 
pected in the absence of thermodynamic 
fractionation (10). Ellipses indicate typi- 
cal 8c" and PO, values for the different 
water masses. 


In addition to the LSW, other high-8'°C" wa- 
ter masses such as Subpolar Mode Water (SPMW), 
Iceland Scotland Overflow Water (ISOW), and 
Subtropical Gyre Water (STGW) are also appar- 
ent. Indeed, accounting for the C-13 Suess effect 
strengthens the overall NA 8!3C-versus-phosphate 
(PO,) relationship (Fig. 2). Our preindustrial 8°C- 
PO, slope of —0.7%o is essentially identical to the 
slope estimated through an independent approach 
(9) and close to the expected biological regres- 
sion (/0). Although there are still distinct ther- 
modynamic isotopic signatures between southern 
and northern Atlantic water masses (i.e., warm 
STGW and cold SPMW are, respectively, depleted 
and enriched in &'3C relative to their nutrient 
levels), our analysis reveals that the NA 87°C is 
more strongly influenced by biological processes 
than previously appreciated. 

Having defined the pristine NA 8'°C distri- 
bution allows us to better discern the similarities 
and differences between the modern and glacial 
oceans. NA 8'3C" shows notable similarities with 
reconstructed glacial NA 5'3C. After correction, 
the SPMW end-member value (1.5 to 1.7%o) is 
about equal to that of the GNAIW of 1.5%o (3). 


Phosphate (uumol kg) 


Thus, our reconstruction effectively removes at 
least one of the perceived differences between the 
glacial and present NA: the higher glacial north- 
em end-member 8'3C. Further, STGW samples 
have among the highest 6'°C" values found in 
our section (Fig. 2), suggesting that, just as pro- 
posed for the glacial ocean (3), elevated 82°C in 
subtropical feed waters are important for achieving 
the high &'°C of NA water masses (e.g., GNAIW). 
In summary, changes in water mass formation pro- 
cesses are not necessarily required to explain the 
high GNAIW end-member 87°C values. 
Despite these similarities, the glacial ocean 
was still distinct in a number of ways. The higher 
38°C values found in the modern deep (>2 km) 
NA ocean relative to glacial (4) cannot be a by- 
product of the C-13 Suess effect. Likewise, if gla- 
cial water mass formation processes (end-member 
5'3C values) were similar to today, other processes 
must be invoked to explain the geographic ex- 
pansion of high 8'°C waters in the upper 2 km of 
the Atlantic (4). Taken together, our analysis em- 
phasizes the role of water mass geometry and/or 
renewal rates (as opposed to end-member changes) 
in affecting glacial-interglacial &'°C differences. 
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Our C-13 Suess effect correction elucidates 


the influence of individual components of NADW 
on ocean 8'°C and allows both rapid and large 
NA downcore 81°C variability to be understood in 
the context of existing water masses. Comprehen- 
sive application of our C-13 Suess correction, for 
example, during the GEOTRACES program, 
would allow paleoceanographers to fully use the 
potential contained within the vast database of 
sedimentary 5'°C accumulated in recent decades. 
Ultimately, such a 5'°C"! database is needed to 
provide accurate reference fields both for model 
evaluation and to achieve the improved proxy 
calibration and uncertainty estimates required to 
infer and quantify changes in past ocean circula- 
tion (//). 
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Early Use of Pressure Flaking on Lithic 
Artifacts at Blombos Cave, South Africa 


Vincent Mourre,”’? Paola Villa,**>* Christopher S. Henshilwood®’ 


Pressure flaking has been considered to be an Upper Paleolithic innovation dating to ~20,000 years 
ago (20 ka). Replication experiments show that pressure flaking best explains the morphology of lithic 
artifacts recovered from the ~75-ka Middle Stone Age levels at Blombos Cave, South Africa. The 
technique was used during the final shaping of Still Bay bifacial points made on heat-treated silcrete. 
Application of this innovative technique allowed for a high degree of control during the detachment 
of individual flakes, resulting in thinner, narrower, and sharper tips on bifacial points. This technology 
may have been first invented and used sporadically in Africa before its later widespread adoption. 


nique used by prehistoric knappers to shape 
stone artifacts by exerting a pressure with 
the narrow end of a tool close to the edge of a 
worked piece. The earliest evidence of pressure 


Pe flaking is a retouching (/) tech- 
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flaking (2, 3) was thought to come from the 
Upper Paleolithic Solutrean industry of Western 
Europe dating to ~20,000 years ago (20 ka) (4-6). 
In later times, it was used to produce Paleoindian 
projectile points (7), microlithic backed tools in the 


Later Stone Age of Africa (8), and bifacial 
arrowheads in the Holocene of North America 
and Australia (9, /0). Retouch by pressure provides 
the flintknapper with a degree of control over the 
final shape, regularity, and thinness of the tool edge 
that cannot be achieved by direct percussion. 


With the exception of obsidian, jasper, and 


some high-quality flint (//), few lithic materials 


AINRAP Méditerranée, 561 rue Etienne Lenoir-KM Delta, 
30900 Nimes, France. 2TRACES-UMR 5608, Université de 
Toulouse-Le Mirail, 31058 Toulouse, France. 3University of 
Colorado Museum, Boulder, CO 80309-0265, USA. “Institut 
de Préhistoire et Géologie du Quaternaire, UMR 5199 
PACEA, Université Bordeaux 1, 33405 Talence, France. *School 
of Geography and Environmental Studies, University of the 
Witwatersrand, Johannesburg, South Africa. Institute for Archae- 
ology, History, Culture and Religion, University of Bergen, 
Bergen, Norway. ‘Institute for Human Evolution, University of 
the Witwatersrand, Johannesburg, South Africa. 


*To 


whom correspondence should be addressed. E-mail: 


villap@colorado.edu 


659 


REPORTS 


660 


can be pressure-flaked in their natural state, but 
heat treatment can improve the flaking quality of 
some of them (/2). Early evidence for heat treat- 
ment of silcrete at ~164 ka comes from Pinnacle 
Point, southern Cape, South Africa (/3). 

Here, we show through experimental repli- 
cation and microscopic study that silcrete arti- 
facts from the ~75-ka Still Bay levels at Blombos 
Cave (/4) (fig. S1) were also heat-treated before 
flaking and that pressure flaking was used during 
the final retouch phase of the Still Bay points. 
These bifacial points were axially hafted, and 
impact scars on recovered tools demonstrate that 
they were used as hunting weapons (/5). 

The manufacturing sequence of the Blombos 
Still Bay points can be divided into four pro- 
duction phases (/5) (fig. S2). Direct percussion by 
hard hammer is used in the initial shaping (pro- 
duction phase 1). Advanced shaping is done by 
soft hammer marginal percussion (phase 2a with 
hard and soft hammer scars and phase 2b with only 
soft hammer scars). In the final phase (phase 3), 


retouch is applied to the edges, especially the tip. 
A small number of points were reworked by hard 
hammer percussion (phase 4). Here, we examine 
the finished products of production phase 3 and 
compare them with those from phase 2b. 
Heat-treated silcrete can be recognized through 
the application of thermoluminescence and ar- 
cheomagnetism, both destructive methods, and 
maximum gloss analysis that is nondestructive 
(13). We used a visual method commonly used 
to identify heat treatment on Paleoindian and 
Solutrean points [supporting online material 
(SOM)]. After the removal of a flake from un- 
heated silcrete, the scar surface will have a rough, 
dull texture. If a silcrete piece had been heat- 
treated first, then the scar surface will have a 
smooth, glossy appearance. The contrast between 
the two surfaces is visible at low magnification 
(fig. S3). The visual method is based on contrast 
between the two types of surfaces; thus, it can be 
securely identified only on pieces where surfaces 
flaked before heating have not been completely 


Table 1. Attributes of experimental flakes made by pressure and by marginal percussion with a soft 
hammer, compared to a sample of flakes from layer CC at Blombos. All flakes are <1 cm, to avoid 


differences that might be due to size. 


Experimental 
ah Blombos 
Prasviire Percussion by layer CC 
Flake attributes soft hammer 

(n = 30) (n = 30) (n = 60) 
n % n % n % 
Prominent bulb 28 93.3 4 13.3 21 35.0 
Bulb without a lip 29 96.7 11 36.7 30 50.0 
Small but not punctiform platform 29 96.7 24 80.0 49 81.7 
Regular ridges 19 63.3 11 36.7 32 53.3 
Hackles on the bulb 13 43.3 1 3.3 18 30.0 
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Fig. 1. Blombos Still Bay bifacial points, all production phase 3 except (D). (A 


to D) Examples of tip shapes; (E to H) examples of scar attributes diagnostic of 
pressure. (A) V-shaped tip with straight edges, PVN 45. (B) Arched tip with 
curved edges, PVN 66. (C) V-shaped tip with straight edges, P. 68. (D) Tip with 


removed by postheating intensive flaking (table 
$1). Because heating precedes the advanced flaking 
phases of the artifacts, it must have been a phase 
in the knapping process, before the final phase of 
retouch, and not accidental. 

Different knapping techniques result in flake 
scar patterns with characteristic combinations of 
attributes (/6—/8). Experimental replication on 
the local raw material is essential to recognize the 
distinctive markers of different techniques. We 
collected silcrete from outcrops located ~30 km 
from Blombos Cave. Some were heat-treated 
following the method in (/3). Blanks of unheated 
and heated silcrete were knapped with quartzite 
stone hammers and a wooden billet for the first 
phases of reduction. A bone flaker was used 
during the final pressure-retouching of the points. 

Silcrete in its natural state can be flaked by 
hard hammer and can be trimmed by soft organic 
or soft stone hammer. However, during our ex- 
periments we found that the final phases of re- 
touch (phase 3) observable on the Blombos 
bifacial points cannot be executed on unheated 
silcrete. For pressure flaking to be successful, the 
silcrete needs to be heat-treated. Regularity and 
parallelism of scars is considered the main trait of 
pressure flaking (/2) (fig. S4). On flint, pressure 
will produce subparallel and rectilinear retouch 
scars with 10 to 15 mm of maximal length and up 
to 4 to 5 mm wide (/9). However, the technical 
features described for flint are different from 
those observed on the Blombos bifacial points. It 
was on the basis of the flint features that we 
previously rejected the hypothesis of pressure 
retouch on the Blombos points (/5). 

Our experiments showed that wider flakes 
(up to 10 mm wide) can be detached by pressure 
retouch on heated silcrete and that the resultant 
scars are not always subparallel and rectilinear. 


irregular, asymmetrical sides, PVN 27, phase 2b. (E) Hackles (white arrow) on 
the bulb negative, PVN 84. (F) Regular ridges, PVN 68. (G) Pressure scars with 
deep bulb negatives inside a larger scar by direct percussion, PVN 45. (H) Deep 
bulb negative, Mus.2. Scale bars: (A, E to H), 1 mm; (B to D), 1 cm. 
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Table 2. Frequencies of attributes for the identification of flaking techniques and tip measurements of 
the Blombos Still Bay points compared to unifacial points from the post-Howiesons Poort of Sibudu 


(database of P. Villa). 


Phase 2b Phase 3 
Attributes 
n % n % 

Scar width <10 mm 24/50 48.0 55/55 100 
Deep bulb negative 10/24 41.7 50/55 90.9 
Regular ridges 7/24 29.2 43/55 78.2 
V-shaped tip with straight edges 0/15 0 21/43 48.8 
Hackles on the bulb negative 0/24 0 17/55 30.9 
Tip angle (degrees) Mean SD n 
Phase 3 points 

V-shaped tip with straight edges 51.2 6.8 21 

Arched tip with curved edges 63.2 6.5 20 
Phase 2b points 

Tip with irregular or asymmetrical edges 65.4 7.0 11 
Unifacial points from post-Howiesons Poort 

(HP) layers at Sibudu (RSp-MOD ~47 ka) 65.9 11.1 83 
Tip thickness (mm) Mean SD N 
Phase 3 points 3.7 0.7 44 
Phase 2b points 45 1.0 11 
Unifacial points from post-HP layers 

at Sibudu (RSp-MOD ~47 ka) 5 1.4 84 


Our analysis also provided a number of criteria to 
distinguish between pressure and soft hammer 
flaking (Table 1, Figs. 1 and 2, and figs. S5 to 


S7). Three of the attributes in Table 1 (a prom- 
inent bulb, no lip on the bulb, and hackles on the 
bulb) occurred in high proportions on pressure 
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Fig. 2. Replicates of Still Bay bifacial points done 
by pressure (C and D) compared to Blombos points 
of production phase 3 (A and B) and diagnostic attri- 
butes of pressure scars on replicates (E to H). (A) and 
(B) Points P54 and PVN 66. (C) and (D) Replicates 
with pressure retouch. (E) Deep bulb negative. (F) and 
(G) Regular ridges. (H) Hackles (black arrow) on the 
bulb negative. Scale bars: (A) to (D), 1 cm; (E) to (H), 
1mm. 


flakes, in contrast to flakes made by soft hammer. 
x’ values are high (P < 0.001 in all cases; SOM). 
Two other features (small platforms and regular 
ridges) seem less useful for discriminating be- 
tween the two techniques. Intermediate frequen- 
cy values in the Blombos flake sample show that 
both techniques were used by the tool makers. 
The distinctiveness of the two flaking modes 
is also seen in the frequency distribution of scar 
dimensions (table $2). The mean width and length 
of scars on Blombos production phase 3 points 
are similar to those of experimental scars by pres- 
sure, whereas the scars of phase 2b points are more 
similar to the scars of our experimental soft ham- 
mer percussion points. To identify the flaking 
technique used on the Blombos bifacial points, we 
calculated the frequencies of five attributes (Table 
2). Four of these were observed on experimental 
pressure scars and flakes (deep bulb negative, 
hackles on the bulb negative, scars <10 mm, and 
regular ridges; Figs. 1 and 2). Another attribute 
(V-shaped tips with straight edges) is based on 
expectations of rectilinear edges made by pressure 
(fig. S4, E and F). Two attributes, V-shaped tips 
with straight edges and hackles on the bulb neg- 
ative, do not occur at all on phase 2b points made 
by soft hammer. Thus, those two features discrim- 
inate between the two techniques. On phase 3 
points, these features are consistently associated 
with two other distinctive attributes (deep bulb 
negative and regular ridges). We conclude that at 
least half of the production phase 3 points were 
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finished with the pressure technique to make the 
tip sides straight and regular. 

The penetrating angle and tip thickness of 
phase 3 points are significantly smaller than those 
of phase 2b, inferred to have been made by direct 
percussion. They are also smaller than the tip 
angle and thickness of unifacial points produced 
on flakes retouched by direct percussion during 
post-Howiesons Poort to final Middle Stone Age 
(MSA) times in South Africa, ~58 to 40 ka, (20, 27). 
T tests for tip angle and tip thickness of phase 3, 
2b, and unifacial points show that differences 
between all three samples are significant (SOM). 
These differences confirm the advantages of 
using the pressure technique to obtain points 
with thinner, V-shaped tips with straight edges. 

There are no known antecedents to the in- 
tensively flaked Still Bay bifacial points from 
Blombos, or evidence for earlier pressure flaking, 
in the MSA (22). After 72 ka, bifacial technology 
disappears in South Africa and is replaced after 
65 ka by Howiesons Poort-type backed tools (23). 
Pressure flaking adds to the repertoire of tech- 
nological advances during the Still Bay (24-26) 
and helps define it as a time when novel ideas and 
techniques were rapidly introduced. This flexi- 
ble approach to technology may have conferred 
an advantage to the groups of Homo sapiens who 
migrated out of Africa after ~60 ka (27). 
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Fitness Correlates of Heritable 
Variation in Antibody Responsiveness 


in a Wild Mammal 


Andrea L. Graham,??** Adam D. Hayward,” Kathryn A. Watt,”? Jill G. Pilkington,” 


Josephine M. Pemberton,” Daniel H. Nussey”4 


A functional immune system is important for survival in natural environments, where individuals are 
frequently exposed to parasites. Yet strong immune responses may have fitness costs if they deplete 
limited energetic resources or cause autoimmune disease. We have found associations between fitness 
and heritable self-reactive antibody responsiveness in a wild population of Soay sheep. The occurrence 
of self-reactive antibodies correlated with overall antibody responsiveness and was associated with 
reduced reproduction in adults of both sexes. However, in females, the presence of self-reactive 
antibodies was positively associated with adult survival during harsh winters. Our results highlight 
the complex effects of natural selection on immune responsiveness and suggest that fitness trade-offs 
may maintain immunoheterogeneity, including genetic variation in autoimmune susceptibility. 


notoriously heterogeneous in the strength, spec- 
ificity, and efficacy of responses to infection, 
and much of the variation is under genetic control 
(/, 2). Individuals likewise vary in their genetic 


[=== systems of different individuals are 
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susceptibility to generate self-targeted immune 
responses (autoimmunity) (3—7). The challenge 
is to explain why natural selection has failed to 
eliminate alleles that confer susceptibility to in- 
fection (2) or promote autoimmunity (8). One 
hypothesis is that individuals with strong immune 
responses experience fitness benefits of immunity 
(e.g., clearance of infection to promote survival 
or provision of maternal antibodies to promote 
offspring survival) but are also likely to suffer its 
costs (e.g., energetic drain and/or autoimmune 
disease) (9, 70). Although wild rodents have 
autoimmune susceptibility genes (3) and higher 
standing antibody concentrations than their 


laboratory counterparts (//), autoimmunity is 
known only in people and laboratory, domestic, 
or captive mammals (7, 8, 12-14). Here, we as- 
sess the associations among antibody responses, 
survival, and traits associated with reproductive 
success in the wild. 

The unmanaged population of Soay sheep 
(Ovis aries) in Village Bay, Hirta, St. Kilda, has 
been monitored since 1985, yielding detailed 
longitudinal information on both individual life 
histories and population dynamics (/5). Using 
blood plasma samples collected during August 
of 11 years (1997 to 2007), we measured the 
concentration of antibodies that bind mammali- 
an nuclear and cytoplasmic antigens (hereafter, 
antinuclear antibodies, or ANAs) (/2, 1/6, 17). 
High concentrations of ANAs are indicative of 
high rates of division and antibody production 
by B and plasma cells (/8), particularly in re- 
sponse to self-antigens (6). It is important to note 
that self-reactivity can represent a side effect of 
normal immune function (/9, 20). For example, 
although ANAs are potential markers of auto- 
immunity, they are also associated with useful 
defense mechanisms, such as natural antibodies 
(20). Only if ANAs are sustained at high titers, in 
combination with other markers, are they asso- 
ciated with autoimmune diseases like systemic 
lupus erythematosus in people and dogs (/2, 16). 

ANAs were detectable in wild sheep at a 
prevalence comparable to that in human pop- 
ulations (2/—23). We assayed 2622 plasma sam- 
ples collected from 1476 sheep, so individual 
sheep were sampled 1.8 times, on average. We 
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found that 252 samples from 170 sheep (11.5% 
of sheep tested) contained ANAs at concentrations 
that would exceed common clinical definitions 
for ANA positivity (/2, 18, 21), as confirmed by 
end-point dilution analyses (/7). Among 410 
adult females [average life span, 6.0 years (/7)], 
114 (27.8%) were positive for ANA, whereas 
21 out of 144 adult males [14.6%; average life 
span, 3.4 years (/7)] were positive (Fig. 1A). ANA 
concentration increased with age from lambs to 
yearlings to adults (F342 = 416.9, P < 0.001), 
and although sex differences were not appar- 
ent in subadult age classes, adult females had 
significantly higher ANAs than adult males 
[Fi e612 = 5.64, P = 0.018 (figs. S1 to S3)]. The 
same patterns were observed if ANA positivity 
was analyzed instead of ANA concentration 
(fig. S1C). These results match trends reported 
in humans (23) and show that wild mammals 
experiencing food limitation and high parasite 


A 


1.25 °° 


ANA 


29000000 3 
8ggccogee 
o88ges8e00 
2000,00°° 


Females Males 


Fig. 1. A proportion of wild Soay sheep was positive for self- 
reactive antibodies, and concentrations were heterogeneous 
and heritable. (A) A female and male ANA concentrations 
[optical density (OD) relative to negative control (17)]. Points 
are jittered, with only the maximum ANAs per individual 


abundance (/5), two factors hypothesized to de- 
crease the strength and self-reactivity of immune 
responses (8), can still mount self-directed anti- 
body responses. 

To assess the overall antibody repertoire in 
ANA-positive sheep, we undertook further im- 
munological analysis of that subset of samples 
(17). Concentrations of (1) total immunoglobulin 
G (IgG); (ii) antibodies to ribonucleoprotein, a 
self-antigen predictive of autoimmune disease in 
people (/6); and (iii) antibodies to Teladorsagia 
circumcincta, a prevalent parasitic nematode 
in sheep (/5), were all positively correlated with 
ANAs [correlation coefficients of 0.28, 0.30, and 
0.22, respectively; all P < 0.001; (/7)]. These 
modest but significant correlations accounted 
for 49% of the variation in antibody concen- 
trations among ANA-positive sheep (7). This 
suggests that ANA concentration may reflect 
general antibody responsiveness. 


= Assay date 

Capture year 

[=== Mother 

(—— Permanent environment 
tzza Additive genetic 

mmm Residual 


plotted. Unbroken lines represent medians, and the broken line is the 1:200 end-point dilution threshold 
for positivity (27). (B) Relative contributions of different components to total variance in ANAs (after 
controlling for age, sex, body mass, and assay background). The exploded sections represent the total 
among-individual variance, and the additive genetic component was significantly different from zero. 


Fig. 2. Survival benefits as- A 
sociated with ANAs were ex- 
pressed during harsh winters 
in adult female Soay sheep. 
(A) Population dynamics from 
1985 to 2007, with years for 
which ANA was assayed (1997— 
2007) marked by red circles 
for years when population size 
was rising or stable and by 
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effects model (17). 
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Among-individual variation in ANA concen- 
tration was considerable, accounting for 37.4% 
(+4.4 SE) of the total variance (Fig. 1B and table 
S1). We fitted a quantitative genetic “animal mod- 
el” (17), which uses information on relatedness 
among individuals from the population pedigree 
to estimate the contribution of additive genetic 
factors to variation in continuous traits (24, 25). 
A significant proportion of ANA heterogeneity 
was attributed to additive genetic effects [x°( 1)= 
14.48, P < 0.001; (table S1)], such that about 
one-third of the among-individual variation and 
one-eighth of the total phenotypic variance were 
genetically based (Fig. 1B) (narrow sense her- 
itability of ANAs = 0.13 + 0.03 SE). This was 
confirmed in separate age and sex subsets of the 
population (table S1). 

We next examined the associations between 
ANAs and different components of fitness, in- 
cluding survival and fecundity in both sexes 
and traits associated with offspring survival (/7). 
We found no evidence for associations with 
survival of lambs or yearlings (/7) and so fo- 
cused on adults. The population dynamics of 
the Soay sheep on Hirta are characterized by 
years of rising and high density followed by 
winter crashes (Fig. 2A), which account for 
most mortality in the population (26, 27). We 
tested whether the strength or direction of se- 
lection on ANA varied according to whether it 
was a “crash” year (/7). 

We found evidence for an environment- 
dependent association of survival with high ANAs 
in adult female sheep (Fig. 2). ANAs increased 
linearly with age at measurement [F),79g = 21.80, 
P < 0.001; (fig. S3A)], but this cross-sectional 
change was caused by females with high aver- 
age ANAs living longer than females with low 
average ANAs (fig. S3B), rather than increases 
in ANAs with the age of individuals (fig. S3C) 
(17). Analyses of annual survival probability con- 
firmed this result and further revealed that an 
association with survival was only apparent 
during crash winters [ANA-by-crash interaction: 
(1) = 4.27, P = 0.039; (Fig. 2, B and C)]. There 
was no evidence for associations between ANAs 
and male survival, which could reflect true sex 
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and crash (blue solid line) winters. The predictions are significant estimated 
effects of an ANA-by-environment interaction in a generalized linear mixed- 
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Fig. 3. High ANA concentration was associated with reduced fecundity in 
both sexes, but improved offspring survival among females that bred. (A and 
B) Male annual breeding success declined with increasing ANA. (A) The pro- 
portion of males below (ANA-) or above (ANA+) the positivity threshold that 
sired at least one offspring over the previous annual breeding cycle, and (B) 
the predicted associations between the probability of a male siring at least one 
offspring in the previous spring and ANA OD. (C and D) Female fecundity 
declined with increasing ANA, but offspring survival among breeding females 


differences in fitness determinants (28) or a re- 
duced power to detect such associations in males 
as a result of higher mortality and dispersal rates 
U5, 17). 

Our findings in female sheep support the 
rarely tested evolutionary prediction that invest- 
ment in immunity, including humoral immunity, 
should lengthen life span in nature (9, /0). In- 
deed, lines of laboratory mice selected for strong 
antibody responses exhibit striking concomitant 
increases in life span, relative to lines bred for 
weak responses, and the effect is attributable to 
resistance to both infection and cancer by means 
of a few identical or closely linked loci (29). How- 
ever, it is possible that high ANA concentration 
is a consequence rather than cause of longevity 
(22, 23). 

Trade-offs between immune system function 
and reproduction are also predicted by evolution- 
ary theory (9, 70), and indeed, we found nega- 
tive correlations between fecundity and ANAs in 
both sexes (Fig. 3). Males with high ANAs in 
August were less likely to have sired any offspring 
during the previous rut [F\ 153 = 5.74, P = 0.018; 
(Fig. 3, A and B, and fig. S4A)], although there 
were no associations between ANA and. the 
number of offspring sired among successful 
males [F\.53 = 1.50, P = 0.23; (17)]. Similarly, 
females with high ANAs in August were less 
likely to have produced a lamb the previous 
spring [F\s07 = 8.15, P = 0.004; (Fig. 3, C and 
D, and fig. S4B)], although there was no asso- 
ciation between litter size and ANAs (F563 = 
1.46, P = 0.12). Among females that did breed, 
those with lower ANAs gave birth to larger 
lambs on average [F') 522 = 9.75, P = 0.002; (fig. 
S4C)]. All of these associations were indepen- 
dent of whether reproduction followed a crash 
winter, and in neither sex did August ANAs 
predict reproduction in the following year (/7). 
Mechanistic explanations for these results might 
include reproduction and immunity competing 
for limited resources (9, /0), combined with sex- 


specific factors [e.g., the requirement for immu- 
nosuppression in pregnancy, lest detection of pa- 
ternal antigens by the mother’s immune system 
leads to rejection of the fetus (30)]. 

Further analysis showed that ANAs did not 
reflect a direct survival-fecundity trade-off. Pre- 
vious studies have identified the survival costs 
of recent reproduction in adult females in this 
population (3/-33). Among sheep assayed for 
ANAs, we likewise found that females produc- 
ing offspring that survived were themselves less 
likely to survive the following winter [y7(1) = 
5.10, P = 0.024]. However, the crash-specific as- 
sociation of survival with high ANAs remained 
significant after this was accounted for [x7(1) = 
4.61, P = 0.032; (17)]. This suggests that the as- 
sociation of survival with elevated ANAs was in- 
dependent of direct costs of recent reproduction. 
Furthermore, we found evidence that maternal 
ANAs were positively associated with offspring 
survival: controlling for the negative associa- 
tion between maternal ANAs and offspring birth 
weight, we found that breeding females with 
high ANAs had offspring that were more likely 
to survive the neonatal period [first 4 months 
of life; F497 = 5.99, P= 0.015; (Fig. 3, C and D, 
and fig. S4D)]. Increased provision of maternal 
antibody (34) by females with high ANAs that 
still bred could explain this result (77). Ultimate- 
ly, there was no significant directional selection 
on ANAs through female annual reproductive 
success (1) = 0.10, P = 0.75], and average 
ANAs and lifetime reproductive success were 
not correlated at the phenotypic [correlation co- 
efficient = —0.02, y7(1) = 0.06, P = 0.81] or 
genetic [correlation coefficient = —0.20, y7(1) = 
0.10, P = 0.75] levels. 

Our data indicate associations of ANAs with 
enhanced survival and reduced reproduction in 
a wild mammal. Furthermore, the survival-ANA 
association was environment and sex dependent, 
and reduced fecundity in ANA-positive females 
was accompanied by improved survival of their 


increased with increasing ANA. (C) The proportion of females below (ANA-) or 
above (ANA+) the positivity threshold producing at least one offspring (white 
bars) and the proportion of breeders with at least one lamb that survived the 
neonatal period (hatched bars). (D) Predicted associations between probability 
of a female breeding (solid line) and, among females that did breed, prob- 
ability of offspring surviving the neonatal period (broken line) versus ANA OD. 
Predictions in (B) and (D) are based on significant estimated effects of ANA in 
generalized linear mixed-effects models (17). 


neonates. This complex and potentially balancing 
set of associations in a variable environment sug- 
gest a mechanism for the maintenance of immu- 
noheterogeneity, possibly including autoimmune 
susceptibility genes, by natural selection. 
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RORyt* Innate Lymphoid Cells 
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Lymphoid tissue—inducer (LTi) cells initiate the development of lymphoid tissues through the 
activation of local stromal cells in a process similar to inflammation. LTi cells express the 
nuclear hormone receptor RORyt, which also directs the expression of the proinflammatory 
cytokine interleukin-17 in T cells. We show here that LTi cells are part of a larger family of 
proinflammatory RORyt* innate lymphoid cells (ILCs) that differentiate from distinct fetal liver 
RORyt™ precursors. The fate of RORyt™ ILCs is determined by mouse age, and after birth, favors the 
generation of cells involved in intestinal homeostasis and defense. Contrary to RORyt* T cells, 
however, RORyt* ILCs develop in the absence of microbiota. Our study indicates that RORyt* 
ILCs evolve to preempt intestinal colonization by microbial symbionts. 


ymphoid tissue—inducer (LTi) cells are 
necessary in the fetal development of 
lymph nodes and Peyer’s patches, a lymph- 


Fig. 1. Inducible fate mapping of RORyt* ILCs. (A) 
Flow cytometry analysis of cells isolated from the 
small intestinal lamina propria of dox-untreated 4- 
week-old triple transgenic mice crossed to Rorc(yt)- 
Egfp"® reporter mice (fig. 52). The red square 
indicates cells that have lost RORyt expression. 
Numbers indicate the percentage of cells per gated 
type of cells. The data shown are representative of 
three individual experiments. (B and C) The fate of 
fetal and perinatal RORyt* ILCs of the small 
intestinal lamina propria. Triple transgenic mice 
(fig. $1) were given dox continuously, starting on 
day 3 after birth until analysis. (B) Each data point 
represents the mean percentage + SD from at least 
five individual mice. (C) Flow cytometry analysis of 
4-week-old triple transgenic mice. The data shown 
are representative of at least five individual mice. 


oid tissue of the gut (/), as well as in the formation 
of intestinal isolated lymphoid follicles after birth 
(2). They express membrane lymphotoxin (LT) 
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0.182 that activates local stromal cells through the 
receptor LTBR. Activated stromal cells in lymph- 
oid tissue anlagen recruit and organize lympho- 
cytes in a process resembling inflammation (3), 
involving proinflammatory cytokines, chemo- 
kines, and adhesion molecules (/). The nuclear 
hormone receptor RORyt is required for the gen- 
eration of LTi cells (4). After birth, RORyt induces 
a proinflammatory program in subsets of a and 
y5 T cells, characterized by the expression of 
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interleukin-17 (IL-17) (5-7), also expressed by 
LTi cells (8). Furthermore, RORyt is required for 
the generation of a subset of natural killer (NK) 
like NKp46" cells present in the intestinal lamina 
propria and characterized by the production of 
high amounts of IL-22 (9—-//), a major factor in 
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Fig. 2. The diversity of RORyt* ILCs is generated by committed fetal liver 
RORyt* precursors. (A) Sorted fetal LTi cells (LTi, or LTig) from the intestinal 
lamina propria of Rorc(yt)-Egfp"S fetuses 16 days after coitus [embryonic day 
16 (E16)] as well as adult c-kit” RORyt* ILCs were cultured on OP9 stroma 
cells in the presence of IL-7 and stem cell factor (SCF). Cells were analyzed by 
flow cytometry after 6 days. The data are representative of four independent 
experiments. (B) Reconstitution of irradiated C57BL/6 hosts was analyzed by 
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intestinal homeostasis and defense (/2, /3). It is 
now suggested that LTi cells, NK cells, NK-like 
cells (14), and recently discovered T helper 2 
(T2)Hike innate cells involved in intestinal im- 
munity to helminths (/5—/7) are members of a 
growing family of innate lymphoid cells (ILCs), 


which develop in the absence of the recombinated 
antigen receptors and clonal selection that are 
characteristic of adaptive immunity. 

Recent evidence indicates that LT or LTi-like 
cells are not only necessary effectors for lymph- 
oid tissue formation but also precursors to IL-22" 
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flow cytometry 6 weeks after adoptive transfer with lineage-depleted 5 x 10° 
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individual mice. (C) Upper left: flow cytometric analysis of lineage-negative 
fetal liver cells from E16 Rorc(yt)-Egfp"° mice. Three GFP* subsets were sorted 
and cultured on OP-9 cells with IL-7 and SCF and analyzed by flow cytometry 
after 6 days. Gut mature E16 LTi, cells were used as a reference for the level of 
c-kit expression. Data are representative of three independent experiments. 
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Nk-like cells (28, 19). Ty2-like ILCs also have 
multipotent progenitor capacity and generate 
mast cells, basophils, and macrophages when 
stimulated with the T,;2-promoting cytokine IL- 
25 (16). To assess in vivo the progenitor capacity 
of LTi cells, we performed inducible cell fate— 
mapping experiments that allowed tracking of the 
progeny of fetal RORyt’ CD3e° cells (termed 
here RORyt* ILCs). Mice were generated that 
express the tetracycline transactivator (tTA) 
under control of the Rorc(yt) locus on a bacterial 
artificial chromosome (7, 20) (figs. S1 and 82). 
The tTA induces expression of the Cre recombi- 
nase on a second transgene (2/), which in turn 
induces stable expression of enhanced yellow or 
red fluorescent protein (EYFP or RFP) in RORyt* 
cells and all their progeny (22). Induction of ge- 


netic fate mapping can be controlled in time by 
the administration of doxycycline (dox), which 
blocks the tTA-mediated labeling cascade. Thus, 
the progeny of fetal RORyt’ ILCs was deter- 
mined by perinatal administration of dox to such 
triple transgenic mice. First, and in contrast to 
CD4* T cells that derive from RORyt" imma- 
ture thymocytes and down-regulate RORyt at 
the mature stage (23), RORyt ILCs stably ex- 
pressed RORyt (Fig. 1A and fig. $2). Second, 
whereas fetal and perinatal RORyt’ ILCs con- 
sisted mainly of c-kit"!®" IL-7Ra™®" CD4* (LTiy) 
and CD4 (LTio) cells (Fig. 1B and fig. $3), a 
phenotype consistent with LTi cells (24), the 
progeny of such cells progressively increased in 
complexity until 4 weeks after birth (Fig. 1B). 
Besides CD4* and CD4 LTi cells, the adult prog- 


c-kit’ 
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eny of fetal RORyt* ILCs included c-kit'°” IL- 
TRa'®™ cells, of which 42% expressed NKp46 
(9-11) (Fig. 1C). Finally, in the adult, RORyt* 
ILCs localized mainly to the intestinal lamina 
propria (fig. S4). 

Even though the fate mapping of fetal RORyt* 
ILCs indicated that LTi cells generate the dif- 
ferent subsets of RORyt’ ILCs (Fig. 1B), it is 
possible that fetal RORyt* ILCs include RORyt* 
precursors that are distinct from LTi cells. To test 
whether LTi cells could generate distinct subsets 
of RORyt* ILCs such as NKp46" cells, LTi cells 
were isolated from fetal and adult intestine and 
transferred into irradiated newborn hosts or 
cultured for 6 days on OP9 stromal cells. Tran- 
sferred LTi cells generated no detectable prog- 
eny, and cultured LTi cells generated no c-kit! 
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Fig. 3. The fate of RORyt* ILCs subsets is programmed. (A) The proliferation 
rates of RORyt* ILCs. Triple transgenic mice were treated with dox from day 3 
after birth and injected with 5-ethynyl-2'-deoxyuridine (EdU) daily from day 7 
until analysis on day 14. PBS, phosphate-buffered saline. Cells were isolated 
from the small intestinal lamina propria and analyzed by flow cytometry. Data 
are representative of three independent experiments. (B) Triple transgenic mice 
(fig. $1) were treated with dox from days 14 or 28, and cells were analyzed by 
flow cytometry at different time points thereafter. Each data point represents 


the mean percentage + SD of at least five individual mice. (C) Triple transgenic 
mice were treated from birth with a cocktail of streptomycin, ampicillin, and 
colistin, as well as with dox, from day 7 after birth and analyzed at 8 weeks. Abx, 
antibiotics. Shown is the proportion of the distinct subsets of RORyt* ILCs within 
fate-mapped YFP* cells. The data are the mean of four mice per group + SD; n.s, 
statistically not significant; unpaired f test. (D) Intestinal ILCs were analyzed by 
flow cytometry in 10-week-old germ-free (GF) or specific pathogen—free (SPF) 
Rorc(yt)-Egfp"® mice. Data are representative of three individual mice. 
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IL-7Ra’ cells, including NKp46" cells (Fig. 2A 
and fig. S5). Furthermore, the in vivo depletion 
of CD4" cells affected only CD4* LTi cells and 
no other subsets of RORyt* ILCs (fig. S6), and 
the proportion of CD4* LTi cells labeled through 
our fate-mapping strategy was fivefold higher 
than the proportion of labeled NKp46° cells (fig. 
S2A). Collectively, these data indicate that LTi 
cells are not progenitor cells of other subsets of 
RORyt’ ILCs. In contrast, transfer of fetal liver 
lineage-negative cells into irradiated C57BL/6 
mice generated LTi cells, as previously described 
(25, 26), and the other subsets of RORyt* ILCs 
(Fig. 2B). Examination of fetal liver cells 
revealed three subsets of RORyt’ cells charac- 
terized by distinct expression levels of RORyt 
and integrin 0487 (Fig. 2C), the latter marker 
having been shown to define a fetal liver pre- 
cursor committed to dendritic cells, NK cells, 
and LTi cells (25). Although too small to be used 
in transfer experiments, these populations gen- 
erated all subsets of RORyt* ILCs upon culture 
on OP9 cells: GFP* 0487’ cells generated CD4* 
and CD4° LTi cells, whereas GFP* 0487~ cells 
generated NKp46' cells (GFP, green fluorescent 
protein) (Fig. 2C and fig. S7A). The presence of 
IL-2 favored the generation of NK cells from 
integrin a4B7' cells, as reported (25), but not of 
RORyt* NKp46" cells (fig. S7B). These data 
demonstrate that fetal liver RORyt’ cells, but 
not LTi cells, generate the distinct subsets of 
RORyt' ILCs. It has been reported, however, that 
human LTi-like cells isolated from fetal lymph 
nodes and adult tonsils generate RORyt’ NKp46* 
cells in vitro (/8, 19). Thus, in humans, LTi-like 
cells may include RORyt* precursors specific for 
NKp46' cells. 

Do fetal RORyt* ILCs generate adult RORyt* 
ILCs? To address this issue, we determined the 
turnover rate of RORyt’ ILCs from the intestinal 
lamina propria and found that all subsets were 
replaced by newly generated cells with a half-life 
of 22 to 26 days (fig. S8). Similar kinetics were 
found for RORyt' ILCs in the mesenteric lymph 
node and spleen (fig. S9). Thus, a likely source of 
RORyt' ILCs after birth is the bone marrow, and 
transfer of bone marrow cells into irradiated hosts 
generated all subsets of RORyt* ILCs (fig. S10). 
The RORyt' precursors in the bone marrow, how- 
ever, remain to be identified. 

The sharp population change occurring in 
RORyt* ILCs after birth, characterized by a drop 
in the proportion of CD4* LTi cells (Fig. 1B), is 
particularly intriguing. Because LTi cells do not 
generate c-kit” IL-7Rol™ cells (Fig. 2), this 
population change may be partly explained by a 
markedly higher proliferation rate of c-kit'"Y IL- 
7Ra’’ cells, including NKp46° cells, as com- 
pared to LTi cells (Fig. 3A). In contrast, the 
progeny of RORyt* ILCs from pre-weaned or 
adult mice showed no such sharp decrease in the 
proportion of LTi cells. They rather mimicked the 
proportions within total LTi cells found at these 
ages (Fig. 3B and fig. S11). These observations 
indicate that the proportions of the different sub- 


sets of RORyt" ILCs are determined by mouse 
age rather than by cell-intrinsic properties of LTi 
cells or c-kit’"” IL-7Ro"™ cells. 

To determine whether the symbiotic micro- 
biota controls this age-dependent fate of RORyt" 
ILCs, the fate of fetal and perinatal RORyt" ILCs 
was assessed in mice treated continuously from 
birth with a cocktail of antibiotics that efficiently 
eradicates intestinal bacteria (2) and with dox, 
used for fate mapping. In such mice, the fate of 
fetal and perinatal RORyt’ ILCs remained un- 
changed (Fig. 3C). In accordance with these 
results, the proportions of the different subsets of 
RORyt* ILCs were similar in germ-free (or dox- 
treated) mice as compared to mice that harbor a 
normal symbiotic microbiota (Fig. 3D and fig. 
S12); in mice recolonized with segmented 
filamentous bacteria that induce the generation 
of RORyt' Th17 cells (27, 28) (fig. S13); and in 
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mice deficient in molecules involved in the 
recognition of microbe-associated molecular pat- 
terns, such as Nod1, Nod2, or Myd88 (fig. S14). 
These data demonstrate that intestinal symbionts, 
which induce the generation of intestinal RORyt* 
T cells (29), have no impact on the development 
of RORyt* ILCs. Furthermore, RORyt' ILCs 
also develop independently of adaptive immunity 
(fig. S15). 

All subsets of RORyt’ ILCs, with the ex- 
ception of NKp46" cells, expressed high amounts 
of both IL-17 and IL-22 (Fig. 4A). However, LTi 
cells differed from c-kit” IL-7Rol™ cells in 
their expression of the chemokine receptor CCR6 
(Fig. 4B). It has been reported that CCR6 is ex- 
pressed by LTi cells clustered in cryptopatches of 
the lamina propria (2, 30), but not by RORyt* 
ILCs outside cryptopatches (30), such as NKp46° 
cells (9), which expand after birth (Fig. 1B). 
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Fig. 4. Topographical and functional compartmentalization of RORyt* ILCs by CCR6. (A) Flow cytometric 
analysis of intracellular expression of IL-17A and IL-22 by RORyt* ILCs. Cells were isolated from the small 
intestinal lamina propria of 2-week-old Rorc(yt)-Egfp"® mice. Data are representative of three inde- 
pendent experiments. (B) Flow cytometric analysis of CCR6 expression by LTi cells. Numbers indicate the 
percentage of CCR6* cells as compared to cells from age-matched (6 weeks old) CCR6-deficient mice (blue 
histograms). Data shown are representative of results obtained in three individual mice. (C) Expression of 
IL-22 by CCR6-deficient (CCR6KO) RORyt* ILCs isolated from 6-week-old mice. WT, wild type. The data are 
the mean of four mice per group + SD; *P < 0.05, unpaired t test. (D) Antibacterial peptide expression by 
epithelial cells in 6-week-old CCR6-deficient mice. Transcripts for the antibacterial peptides Reg3f and 
Reg3y were measured by quantitative real-time polymerase chain reaction. Data are the mean of four 


individual mice + SD; *P < 0.05, unpaired t test. 


29 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org 


CCR6 is required for the bacteria-induced gen- 
eration of isolated lymphoid follicles (ILFs) from 
cryptopatches (2), and in the absence of CCR6 
and ILFs, intestinal homeostasis is disrupted and 
the size of the microbiota is increased 10-fold (2). 
Although RORyt* ILC subsets are not altered 
in CCR6-deficient mice (fig. $16), the expres- 
sion of IL-22 is significantly increased (Fig. 4C), 
and, as a consequence (3/), the production of 
antibacterial peptides by epithelial cells is aug- 
mented (Fig. 4D). These data indicate that CCR6 
regulates the function of RORyt" ILCs. When 
CCR6-dependent topographical control is lost, the 
lymphoid tissue-inducing function of RORyt* 
ILCs is ablated and their proinflammatory or epi- 
thelial defense-promoting function is abnormally 
expanded. 

The major population change occurring in 
RORyt* ILCs after birth, resulting in LTi cells 
being numerically surpassed by c-kit'°” IL-7Ra” 
cells after weaning, suggested that the colonizing 
intestinal microbiota directed the development of 
RORyt* ILCs. We show, however, that this pop- 
ulation change is independent of microbiota, in- 
dicating that RORyt' ILCs undergo a programmed 
development that preempts exposure to the sym- 
biotic microbiota. Both LTi cells and NKp46° 
RORyt' ILCs express IL-22 (8-//), a critical cy- 
tokine for the activation and defense of epithelial 
cells (13, 37). Whereas LTi cells are clustered in 
cryptopatches between crypts of the intestinal 
lamina propria, where they direct the formation 
of isolated lymphoid follicles (ILFs) (2), IL-22° 
NKp46" cells are found within villi (9), thus 
closer to epithelial cells. An important role for IL- 
22° NKp46° cells in epithelial defense has been 


shown in the case of Citrobacter rodentium in- 
fection (9) and in resistance to colitis induced by 
dextran sodium sulfate (/3). Our data suggest 
that this topographical and functional compart- 
mentalization of RORyt’ ILCs depends on the 
chemokine receptor CCR6, which responds to 
CCL20 and B-defensins produced by epithelial 
cells. We have demonstrated that RORyt" ILCs, 
required before birth mainly for the development 
of lymphoid tissues, undergo a programmed pop- 
ulation change after birth to cope with the mas- 
sive microbiota and maintain intestinal homeostasis, 
both through the CCR6-dependent generation of 
ILFs and through the activation of epithelial im- 
munity. The programmed fate of RORyt' ILCs is 
an example of the coevolution of the mammalian 
host immune system with its symbiotic micro- 
biota in order to maintain homeostasis of the 
host/symbiont superorganism. 
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Filtering of Visual Information in the 
Tectum by an Identified Neural Circuit 


Filippo Del Bene,’*t Claire Wyart,2*t Estuardo Robles,* Amanda Tran,’ Loren Looger,? 


Ethan K. Scott,7§ Ehud Y. Isacoff,24 


| Herwig Baier*|| 


The optic tectum of zebrafish is involved in behavioral responses that require the detection of small 
objects. The superficial layers of the tectal neuropil receive input from retinal axons, while its 
deeper layers convey the processed information to premotor areas. Imaging with a genetically 
encoded calcium indicator revealed that the deep layers, as well as the dendrites of single tectal 
neurons, are preferentially activated by small visual stimuli. This spatial filtering relies on 
GABAergic interneurons (using the neurotransmitter y-aminobutyric acid) that are located in the 
superficial input layer and respond only to large visual stimuli. Photo-ablation of these cells with 
KillerRed, or silencing of their synaptic transmission, eliminates the size tuning of deeper layers 


and impairs the capture of prey. 


called the superior colliculus in mammals, 

receives visual inputs from the retina and 
converts this information into directed motor out- 
puts (/). In larval zebrafish, the tectum is divided 
into two main areas: the stratum periventriculare 
(SPV), which contains the cell bodies of most 
tectal neurons, and the synaptic neuropil area, 
which contains their dendrites and axons as well 


T=: optic tectum in the vertebrate midbrain, 


as the axons of retinal afferents (2-5). Neurons in 
the SPV, called periventricular neurons (PVNs), 
extend a single neurite, which branches exten- 
sively and may span the entire depth of the neu- 
ropil. Retinal axons mainly target the superficial 
layers of the tectal neuropil [i-e., the stratum opticum 
(SO) and the stratum fibrosum et griseum super- 
ficiale (SFGS); fig. S1] (5-8), where they make 
contact with the dendrites of periventricular inter- 


neurons (PVINs) that convey the visual infor- 
mation to other PVINs or to periventricular 
projection neurons (PVPNs). The axons of PVPNs 
exit the tectum in the deepest neuropil layer and 
project to premotor regions in the midbrain and 
hindbrain (2, 5, 6). 

The tectum is required for the localization, 
tracking, and capture of motile prey, such as parame- 
cia (9). Other visual behaviors (e.g., optomotor 
and optokinetic responses) are mediated by a dif- 
ferent pathway not involving the tectum (/0, //). 
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Consistent with a function in the detection of small 
objects, electrophysiology and optical imaging 
showed that single tectal neurons, in all vertebrates 
examined, often respond to small stimuli such as 
spots or bars, which occupy only a fraction of the 
neurons’ receptive fields (12-19). To reveal the 
neural substrate of this size filtering, we used Gal4 
enhancer-trap lines (2, 20, 21) to drive the expres- 
sion of the genetically encoded Ca" indicators 
GCaMP 1.6 (22) and GCaMP3 (23). This allowed 
us to record visually evoked activity in dendrites 
and axons of specific classes of neurons. 


* 
* 


*k 


Full screen flash 


We used the Atoh7:Gal4 transgenic line to 
drive expression of GCaMP1.6 in retinal axons, 
demarcating the superficial input layers in the neu- 
ropil (Fig. 1A). The fish’s retina was exposed to 
three visual stimuli, displayed on a miniature LCD 
screen (fig. S1): (4) a brief (25 or 50 ms) flash 
that filled the entire screen (horizontal visual 
angle 50°), (ii) a thin black bar (2°) moving at a 
speed of 0.25°/ms across the screen from ante- 
rior to posterior (A—>P), and (iti) a bar of the 
same size and speed, but moving from posterior 
to anterior (P—A). The responses of the retinal 
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axons did not differ significantly in amplitude 
and in time to peak between the large and the 
small stimuli (Fig. 1, B and C; maximum AF/F = 
2.11 + 0.19% for flash versus 2.08 + 0.11% for 
A—P and 2.16 + 0.13% for P—A; time to peak = 
0.69 + 0.03 s for flash versus 0.72 + 0.11 s for 
AP and 0.73 + 0.05 s for PA; Pamplitude = 
0.31; Prime-to-peak = 9.54; n = 5). Indeed, responses 
were similar in amplitude across a range of stim- 
ulus sizes (Fig. 1D). 

In the Gal4s/1038t line, a small subset of 
PVPNs in the posterior-ventral quadrant of the 
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Fig. 1. Ca** responses in the tectal neuropil reveal size selectivity of deep 
layers. (A) Fluorescent signal from retinal axon terminals in the tectum of an 
Atoh7:Gal4, UAS:GCaMP1.6 larva. Region of interest (ROI) is demarcated by the 
orange dashed line. Neuropil boundaries are indicated by white dashed lines. 
(B) Tectal responses in an Atoh7:Gal4, UAS:GCaMP1.6 larva to a full-screen flash 
(50° visual angle) or to black bars (2° wide, moving A>P or PA with a speed of 
0.25°/ms). (C) Average maximum responses in the Atoh7:Gal4, UAS:GCaMP1.6 
larvae (n = 5). (D) Tuning of retinal axons in the Atoh7:Gal4, UAS:GCaMP1.6 
larvae to bars of increasing width (n = 5). (E) Fluorescent signal from posterior 
PVPNs in Gal4s1038t, UAS:GCaMP1.6 larva. ROls for superficial (orange) and 


deep (green) neuropil layers are indicated by dashed lines. Neuropil boundary is 
white dashed line. (F to H) Responses to three visual stimuli in a Gal4s1038t, 
UAS:GCaMP1.6 larva. (I) Ratios of maximum responses in deep and superficial 
neuropil layers to bars of increasing width in Gal4s1038t, UAS:GCaMP1.6 larvae 
(n= 7 for 2° and 50°; n = 3 for other stimuli). (J to L) Average maximum responses 
in Gal4s1038t, UAS:GCaMP1.6 larvae (n = 7). *P < 0.05, **P < 0.01 (¢ test). (M) 
Reconstruction of a single PVN expressing UAS:GCaMP3, Dlx5/6:Gal4. (N) Ca** 
response of the PVN shown in (M). (O) Average maximum AF/F response in this 
cell. (P) Average response of bar-selective PVNs (n = 7). Error bars indicate SEM. 
Gray bars in (B), (F), (G), (H), and (N) indicate time of visual stimulation. 
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Gal4s1038t, UAS:GCaMP1.6 larvae (n = 4) in superficial (orange) and deep (green) tectal neuropil layers before (CTRL) and after bicuculline administration. 
***P < 0,001 (¢t test). Error bars indicate SEM. Gray bars in (A), (C), (E), and (F) indicate time of visual stimulation. 
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Fig. 3. GABAergic identity and size tuning of superficial interneurons. (A) Gad67 in situ hybridization in 
the tectum at 5 days post-fertilization (dpf). Black arrows indicate expression in SINs. (B) GABA (red) and 
GCAMP1.6 (green) immunoreactivity in the tectum of a 7 dpf Gal4s1156t, UAS:GCaMP1.6 larva. White 
arrows indicate colocalization (yellow) of GABA and GCaMP1.6. Nuclei counterstained in blue with DAPI. 
(C) Fluorescent signal in Gal4s1156t, UAS:GCaMP1.6 larva. ROI is demarcated by a green dashed line. 
The neuropil boundary is a white dashed line. (D and E) In vivo confocal image of single SIN expressing 
cytoplasmic DsRed (red) and synaptophysin-GFP (Syp-GFP, green). Top view (maximum projection of 
image stack) is in (D); side view (50° rotation of image stack) in (E). Dashed line indicates location of skin 
above the surface of the tectum. (F) Responses to visual stimuli in a Gal4s1156t, UAS:GCaMP1.6 larva. 
(G) Maximum average responses (n = 4). Scale bars, 50 xm in (A) and (C), 30 xm in (D) and (E). Error bars indicate SEM. 
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tectum are labeled (2) (Fig. 1E). This population 
is activated by retinal stimulation, as surgical 
removal of one eye eliminated GCaMP1.6 re- 
sponses in the contralateral tectum (fig. S1; max- 
imum AF/F = 2.17 + 0.23% in ipsilateral tectum 
versus 0.09 + 0.14 in contralateral tectum; Pic < 
3.16 x 10 *; n = 5). However, the response to 
the full-screen flash was weaker in the deep out- 
put layer than in the superficial input layer (Fig. 
1, F and J; 3.01 + 0.36% for superficial versus 
1.65 + 0.28% for deep; P < 10“). Although the 
absolute fluorescence signals varied between fish, 
the deep-to-superficial response ratios were con- 
sistent (Fig. 1J and fig. S2; deep-to-superficial 
ratio = 0.48 + 0.15; P < 0.01, n = 7). In contrast, 
small moving bars activated Ca** rises equally in 
the deep and the superficial layers (Fig. 1, G, H, 
K, and L; AP: 2.95 + 0.17% for deep versus 
3.10 + 0.22% for superficial, deep-to-superficial 
ratio = 0.95 + 0.07; PA: 3.2 + 0.18% for deep 
versus 2.89 + 0.19% for superficial, deep-to- 
superficial ratio = 1.10 + 0.31; Pa_.p = 0.16 and 
Pp_.a = 0.23; n = 7). The tuning curve showed a 
systematic size-dependent reduction of the re- 
sponse (Fig. 11), which suggests that large stimuli 
did not efficiently excite the cellular elements in 
the deep neuropil layer. 

In the Gal4s1013t line, almost all tectal cells 
are labeled (2), allowing us to record Ca" responses 
across the entire visual field. The deep-to- 
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Fig. 4. Prey capture and PVN Ca** responses after silencing or removal of 
SINs. (A) Prey capture is reduced in Gal4s1156t, UAS:TeTxLC-CFP larvae, but 
not in Gal4s1038t, UAS:TeTxLC-CFP, relative to control (n = 10 for each 
genotype). (B and C) TUNEL staining detects KillerRed-induced, localized 
apoptosis in 7-dpf Gal4s1013t, UAS:KillerRed, UAS:GCaMP1.6 larva after 
targeted illumination of the SO (B). Contralateral tectum served as control 
(C). Dotted rectangle indicates targeted area in (B) and control area in (C), 
where apoptosis was scored. Dashed outlines indicate neuropil boundary. 
(D) Illuminated region (left) shows elevated staining with annexin V relative 
to control (right). Dotted rectangles indicate regions where apoptosis was 
assessed. (E) Ratios of maximum responses to full-screen flash in 
Gal4s1013t, UAS:KillerRed, UAS:GCaMP1.6 larvae before and after photo- 
ablation of SINs. Ratio is about 1 in the illuminated tectum and half in 
control (CTRL). Scale bars, 50 um. ***P < 0.001 (¢ test). Error bars indicate SEM. 


superficial response ratios in response to a full- 
screen flash were not significantly different between 
the anterior and posterior halves of the tectum 
(0.41 + 0.19 versus 0.36 + 0.27; n = 3). Thus, 
there does not seem to be a topographic bias in 
size tuning across the visuotopic map. 

We used a mosaic labeling strategy to image 
the dendritic activity of individual PVNs. Two 
DNA constructs encoding UAS:GCaMP3 (23) 
and Dix5/6:Gal4 (24) were co-injected at the two- 
cell stage, and larvae with only one or very few 
labeled PVNs were used for imaging (Fig. 1M). 
Of 38 PVNs recorded, 7 (18%) responded to small 
moving bars; the remaining cells did not respond to 
any of the stimuli. None of the PVNs was activated 
by the full-screen stimulus (Fig. 1, N to P, 7 = 7). In 
the seven PVNs sensitive to small moving bars, we 
could not detect significant differences in the Ca”* 
response between the distal (superficial) and the 
proximal (deep) segments of their dendritic trees 
(P = 0.49), indicating the existence of a circuit 
that filters out low-frequency spatial inputs before 
they reach the PVN dendrites. 

We next showed that spatial filtering is achieved 
by feedforward inhibition. Local application of 
the GABA, receptor antagonist bicuculline (Bicu) 
to the tectum increased responses in the entire 
neuropil, but not uniformly. In the deep layers of 
Gal4s1038t, UAS:GCaMP1.6, Ca?* signals rose 
by more than a factor of 15, whereas in the super- 


ficial layers the increase was by only a factor of 5 
(Fig. 2, E to G; superficial, 8.19 + 0.36% for Bicu 
versus 1.74 + 0.19% for control; deep, 10.69 + 
0.41% for Bicu versus 0.69 + 0.09% for control; 
Psyp < 1.4 * 107 and Ppgep < 9.9 x 10 8, n= 4), 
inverting the normal ratio (Fig. 2H and fig. S3; 
deep-to-superficial ratio for Bicu = 1.38 + 0.10 
versus 0.43 + 0.07 for control; P< 3.1 x 10°; n= 
4). Bicu administration to the tectum had no de- 
tectable effect on the strength of retinal inputs 
(Fig. 2, A and B; 1.99 + 0.18% for Bicu versus 
2.52 + 0.19% for control; n = 3). In contrast, in- 
traocular Bicu injection produced a robust increase 
in the Ca** response (Fig. 2, C and D; 4.96 + 
0.70% for Bicu versus 2.16 + 0.24% for control; 
n= A). 

Gal4s1156t drives expression in a specific 
population of neurons whose cell bodies are lo- 
cated in the SO (Fig. 3, A to C) (2). Antibody 
staining showed that most, or all, neurons in this 
layer expressed the GABA markers Gad67 and 
Reelin (Fig. 3, A and B, and figs. S4 and S5) 
(94.71 + 0.6%; 229 cells counted in n = 3 larvae). 
Furthermore, almost all Gal4s/1156t-expressing 
cells were GABA-positive (54 of 56 cells inn =4 
larvae). Labeling of single cells by mosaic ex- 
pression of cytoplasmic DsRed and synaptophysin 
fused to green fluorescent protein (Syp-GFP) (25) 
revealed that these cells extend a broad, regularly 
branched axonal arbor, containing many pre- 
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synaptic specializations (Fig. 3, D and E). Cells 
with similar morphologies have been described in 
other vertebrate species (26). Strikingly, these 
superficial interneurons (SINs) showed a robust 
response only to the full screen, not to small 
moving bars (Fig. 3, F and G; 2.27 + 0.32%; P< 
1.34 x 10 *; AP: 0.21 + 0.14%; PA: 0.09 + 
0.16%; P = 0.42; n = 6). We conclude that SINs 
are tuned to large stimuli. 

The SINs may provide feedforward inhibition 
of PVNs. If so, their removal from the circuit 
should alter the tuning of PVNs and should im- 
pair a behavior that relies on this circuit prop- 
erty. We blocked synaptic transmission in the 
SINs by driving tetanus toxin light chain fused 
to cyan fluorescent protein (TeTxLC-CFP) (27) 
in Gal4s1156t. Double-transgenic larvae captured 
far fewer paramecia than controls (Fig. 4A), 
whereas their optomotor behavior was unaffected 
(fig. S6). Blocking transmission from the small 
number of PVPNs in Gal4s1038t did not re- 
duce prey capture rates. Using the pan-tectum 
Gal4s1013t line (2), we generated a fish express- 
ing both the genetically encoded photosensi- 
tizer KillerRed (28) and GCaMP1.6 in both PVNs 
and SINs. To selectively kill the SINs, we il- 
luminated the SO with an intense green laser 
(563 nm). Terminal deoxynucleotidyl transferase— 
mediated deoxyuridine triphosphate nick end 
labeling (TUNEL) staining and in vivo annexin 
V labeling showed apoptotic cells only in the tar- 
geted region (9.5 + 1.8 TUNEL" cells per section 
on the ablated SO versus 1.0 + 0.6 TUNEL" cells 
per section on the control side, P < 0.05; 4.5 + 1.0 
TUNEL" cells in the SPV of the ablated tectum 
versus 4.0 + 0.4 in the control SPV, P= 0.5) (Fig. 4, 
B to D). After photo-ablation of SINs, Ca?" re- 
sponses in the PVNs to a full-screen flash were 
equalized across the neuropil layers (Fig. 4E; 


deep-to-superficial ratio = 0.47 + 0.8 before 
illumination versus deep-to-superficial ratio = 
0.98 + 0.11 after; P< 10° after illumination, n = 
4). No significant change in response ratios was 
observed in the tectum contralateral to the illu- 
mination (before: deep-to-superficial ratio = 0.55 + 
0.8; after: deep-to-superficial ratio = 0.61 + 0.12; 
P=0.38). 

Together, our findings support a contribution 
of SINs to the neural mechanism that filters visual 
inputs in the tectum. In one possible scheme (fig. 
S7), which is supported by the morphologies of 
PVN cell types (2, 5), SINs make GABAergic 
contacts with some PVINs, which in turn convey 
this information to the dendritic arbors of PVPNs. 
Thus, the visual information flows from superfi- 
cial to deep through a neural filter that subtracts 
low-frequency spatial information. This circuit 
may support prey capture by allowing the animal 
to track a moving object against a background 
that changes uniformly in brightness or is com- 
posed of low spatial frequencies. Given that the 
mammalian superior colliculus has similar layer- 
specific spatial filtering properties (/, /2), it seems 
likely that this circuitry is evolutionarily conserved 
among vertebrates. 
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Visualizing Ribosome Biogenesis: 
Parallel Assembly Pathways 


for the 30S Subunit 


Anke M. Mulder,* Craig Yoshioka,’ Andrea H. Beck,” Anne E. Bunner,” Ronald A. Milligan,” 
Clinton S. Potter,’ Bridget Carragher,? James R. Williamson2* 


Ribosomes are self-assembling macromolecular machines that translate DNA into proteins, and an 
understanding of ribosome biogenesis is central to cellular physiology. Previous studies on the 
Escherichia coli 30S subunit suggest that ribosome assembly occurs via multiple parallel 
pathways rather than through a single rate-limiting step, but little mechanistic information is 
known about this process. Discovery single-particle profiling (DSP), an application of time-resolved 
electron microscopy, was used to obtain more than 1 million snapshots of assembling 30S 
subunits, identify and visualize the structures of 14 assembly intermediates, and monitor the population 
flux of these intermediates over time. DSP results were integrated with mass spectrometry data to 
construct the first ribosome-assembly mechanism that incorporates binding dependencies, rate 
constants, and structural characterization of populated intermediates. 


ibosome biogenesis in bacteria requires 
R« coordinated synthesis and assembly 


of 55 ribosomal proteins and three large 


ribosomal RNAs (tRNAs) facilitated by ~30 as- 
sembly cofactors (/). Notably, both the 30S and 
50S ribosomal subunits can be assembled in vi- 


tro from purified components, and most of the 
information required to assemble ribosomes is 
encoded in the sequences of the component RNAs 
and proteins (2, 3). The 30S ribosomal subunit 
is composed of a single ~1500-nucleotide 16S 
RNA component and 20 ribosomal proteins 
(“‘r-proteins”) (fig. S1). In reconstitution experi- 
ments under equilibrium conditions, 30S-subunit 
assembly is both parallel and hierarchical with 
primary-binding proteins binding independent- 
ly to each domain, followed by secondary- and 
tertiary-binding proteins (4). As would be ex- 
pected based on the cotranscriptional assembly 
pathway in vivo (/), the observed kinetic order 
for protein binding in vitro is that 5’-domain pro- 
teins bind fastest, followed by the central domain 
proteins and 3’-domain proteins (5, 6). Although 
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Fig. 1. Discovery single a 

particle profiling (DSP). 

(A) Assembly of the 30S NS 

subunit was initiated as ™~— 
described (10), and ali- ‘°° oe 
quots were prepared for © 

negative-stain EM (20) 3g a 

at various time points. 
The DSP method was used to discover subpopula- 
tions of assembly intermediates from a merged— 
time-course data set of a single assembly reaction 
(see supplementary discussion). (B) Each row of the 
array results from a single time point, and particle 
averages are ranked from left to right by decreas- 
ing population with a heat map overlaid according 
to percentage of particles that populate a given 
class: red, 8 to 11%; yellow, 6 to 8%; green, 4 to 
6%; blue, 2 to 4%. 


proteins 


there is evidence for parallel assembly pathways 
and the existence of multiple assembly interme- 
diates, the structures of such intermediates are 
not known, and little mechanistic information is 
available for the order of their assembly. 

Single-particle electron microscopy (EM) im- 
age analysis can resolve heterogeneous pop- 
ulations of molecules and classify them into 
homogenous subpopulations that can be visu- 
alized in two and three dimensions (7, 8). We 
used single-particle reference-free alignment and 
classification to “discover” subpopulations of as- 
sembly intermediates within the heterogeneous 
assembly reaction over a time course (Fig. 1A 
and supplementary discussion) (9). After syn- 
chronous initiation of 30S' ribosome assembly 
(4, 10, 11), there is a distribution of assembly in- 
termediates at various stages of RNA folding 
and protein binding (6). Negative-stain sample 
preparation rapidly traps these intermediate com- 
plexes at various time points, and high-throughput 
EM data collection and analysis allows the visu- 
alization of these intermediates without the need 
for biochemical purification (/2, 13). Classifica- 
tion of the entire time-course data set allows de- 
termination of the population, conformation, and 
protein composition of the prevalent assembly 
intermediates as a function of time; this com- 
bined approach is referred to as discovery single- 
particle profiling (DSP). 

We collected data sets at time points rang- 
ing from 0 to 120 min, and the resulting array 
of subpopulations indicate that, on average, par- 
ticle sizes start from small structures and be- 
come increasingly 305-like over time (Fig. 1B). 
Notably, subpopulations that are substantially 
populated at early time points (Fig. 1B, 2 min, 
column 1, yellow) are less populated at later time 
points (Fig. 1B, 60 min, column 9, blue), where- 
as subpopulations that are substantially populated 
at later time points (Fig. 1B, 120 min, column 1, 
red) are absent during early time points (Fig. 1B, 
2 min). Classification of the data (figs. S2 and 
S3) revealed four major groups of assembly in- 
termediates and identified 14 distinct assembly 
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Fig. 2. Structural determination of assembly intermediates. Assembly intermediates classify into four groups 
based on classification of 2D data (figs. $2, $3, and $5), docking of the 30S subunit crystal structure (fig. S8B), 
and 3D difference mapping (fig. $6). RCT volumes are color coded in accordance with the state of assembly: red < 
green < blue < purple. A conformational change in the neck of central domain rRNA causing a rotation in 
the head domain is the major difference between group II and group IV intermediates (A symbol and arrow). 


intermediates distributed among these four 
groups (Fig. 2). We visualized three-dimensional 
(3D) structures for the set of 14 intermediates 
and determined the compositions of individual 
intermediates by 3D difference mapping, com- 
parison to the x-ray crystal structure, and sub- 
complex reconstitution experiments (figs. S5 to 
S9) (74, 15). Reconstitution experiments, in which 
known protein components were omitted from 


the assembly reaction, confirmed that composi- 
tional differences between assembly intermedi- 
ates were not due to negative-stain artifacts (also 
see supplementary discussion). The use of ran- 
dom conical tilt (RCT) reconstruction and 3D 
difference mapping also confirmed that confor- 
mational differences between assembly interme- 
diates were real and not due to misinterpretation 
of 2D projection views. The structures of the set 
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Fig. 3. Assembly inter- 
mediate population flux 
over time. (A) Classifi- 
cation of merged—time- 
point data sets allowed 
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tribution of different time 
points to assembly inter- ou 
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(C) Decomposition of population flux for individual 
IV (purple) revealed rapid accumulation of $2-co 


gesting the existence of an S2-mediated kinetic trap in the assembly mechanism. 
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of 14 assembly intermediates categorized into 
early (group I, red), middle (groups II and III, 
green and blue), and late (group IV, purple) stages 
of assembly are shown in Fig. 2. 

Using DSP, we simultaneously classified the 
entire collection of particles from all time points 
and determined the fractional contribution of 
particles observed at each time point to the four 
assembly intermediate groups, resulting in single- 
particle profiles of subpopulation flux over time 
(Fig. 3A). Group I classes are primarily populated 


5 
Time (min) 


at early time points, group II and III classes are 
populated at middle time points, and group IV 
subpopulations are primarily populated at late 
time points. To draw a correspondence between 
these population profiles from DSP and protein 
binding kinetics in vitro, we measured the rate 
of binding of the 30S proteins under identical 
conditions using the pulse-chase quantitative 
mass spectrometry (PC-QMS) assay (Fig. 3B) 
(6). The appearance of the group IV particles 
exactly tracks binding of the slowest tertiary 


20 50 100 


binding proteins monitored by PC-QMS (Fig. 
3B, purple circles). Similarly, the depletion over 
time of group I subpopulations tracks binding of 
the fastest primary and secondary binding 
proteins (Fig. 3, A and B, red), with groups II 
and III tracking binding of the proteins with in- 
termediate binding rates (Fig. 3, A and B, green 
and blue). Thus, group I subpopulations are ul- 
timately converted into group IV subpopulations, 
with groups II and III bridging the assembly 
landscape between these two extremes. Slow 
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elimination for group II intermediates and slow 
accumulation of group III intermediates is in 
accordance with the lag observed after assembly 
of the 5’ and central domains in vitro (Fig. 3B, 
red versus green and blue). Thus, these subpop- 
ulations, which reflect an assembly landscape of 
transient intermediates, eventually converge to 
the native 30S ribosome structure. 

Comparison of the 3D assembly intermedi- 
ate structures to that of the fully formed 30S’ sub- 
unit readily identified known features of small 
ribosome subunit architecture (Fig. 2, inset). 
Group I fit the body domain of the 30S crystal 
structure containing primary r-proteins $4, S17, 
S20, and secondary r-protein S16. Diffuse den- 
sity above the structure corresponds to an as- 
sembling platform domain in which the r-protein 
heterodimer S6-S18 is likely transiently bound, 
and central domain rRNA is only partially struc- 
tured (Fig. 2, red, and fig. S8C). Group II inter- 
mediates include an assembled body and platform 
domain with various stages of early head domain 
assembly (Fig. 2, green, and fig. S8C). Three- 
dimensional difference mapping reveals a con- 
formational change in the neck of the 165 rRNA 
central domain of group II intermediates relative 
to group IV intermediates (Fig. 2, arrow, and fig. 
S6B). This conformational change involves a 
rotation of the body domain relative to the plat- 
form domain, and reconstitution experiments 
suggest that this rRNA conformational change 
is stabilized, but not actively induced, by bind- 
ing of 3’ domain r-proteins (fig. S7). This con- 
formation of the head domain is also seen in 
volume “‘c” of group III intermediates, whereas 
group III volumes “a” and “b” have compact 
shapes that include partially assembled head and 
body domains with missing density at the spur 
and the platform domains (Fig. 2, blue). 

Group IV subpopulations are distinctly 305S- 
like in appearance and vary primarily in the sec- 
ond half of the head domain and at the head-body 
and head-platform interfaces (Fig. 2, purple). Fit- 
ting of the 30S crystal structure into 3D differ- 
ence maps suggests that missing density in the 
platform domain corresponds to $21 and/or S11 
and surrounding [helix 23/helix 24 (h23/h24)] 
rRNA (fig. S6). Notably, the neck of the central 
domain for group IV intermediates has converted 
from that observed for group II intermediates, 
thereby allowing room for the additional $21/S11 
density. Defined subcomplex reconstitution studies 
indicate that conversion from the conformation 
present in group II to that in group IV occurs in 
the presence of $21/S11, but that the associated 
extra density is not visible until late 3’ domain 
assembly (fig. S7). The structural and compo- 
sitional diversity of group IV assembly interme- 
diates is evidence for the existence of parallel 
assembly pathways in the 3’ domain of the 30S 
subunit. 

Decomposition of the kinetic profiles for sub- 
populations within group IV show fast accu- 
mulation for classes with density corresponding 
to the S2-H44 region of the 30S subunit and 


slow accumulation for classes lacking this den- 
sity (Fig. 3C and fig. S6). In contrast to the ob- 
served thermodynamic dependence of S2 binding 
upon earlier binding of S3 (Fig. 4A) (4), the 
S2-H44 region is able to form stably enough for 
EM visualization before consolidation of the S3- 
H34/H33 region (figs. S6 and S8). Kinetic data 
for S3 binding during 30S assembly indicate a 
slow-binding constant relative to primary and 
secondary r-proteins, but association constants 
for S2 have not been measurable with PC-QMS, 
presumably because of a weak and transient in- 
teraction (6, /6). Fast protections of portions of 
both the S2 and S3 binding sites are observed in 
time-resolved hydroxyl radical foot printing ex- 
periments (/7), consistent with formation of tran- 
sient encounter complexes for these two proteins. 
The time-resolved EM data suggest independent 
binding of these two late-binding proteins, thus 
directly illustrating the existence of parallel as- 
sembly pathways. 

The combination of thermodynamic depen- 
dency maps, ensemble kinetic data, and single- 
particle profiling with structural analysis allows 
construction of an expanded assembly mecha- 
nism that accounts for both thermodynamic and 
kinetic interdependencies (Fig. 4). The most 
populated branch of assembly starts with group 
I intermediates containing fast-binding primary 
and secondary r-proteins, proceeds to group II 
intermediates containing slower-binding primary 
and secondary r-proteins that bind in central and 
early 3’ domains, and culminates in the set of 
group IV intermediates resulting from parallel 
pathways for assembly of slow-binding tertiary 
r-proteins (Fig. 4B). In the absence of bound 
protein, tertiary rRNA structure is not readily vi- 
sualized for early assembly intermediates, which 
is probably due to a combination of unfolded 
and/or conformationally heterogeneous rRNA 
structure and difficulty in directly visualizing 
RNA using negative stain. Nevertheless, the sub- 
stantial energetic gains achieved by rRNA fold- 
ing and the requirement for cooperativity with 
r-protein binding is illustrated by the rRNA neck 
conformational change that mediates transition 
from group II to group IV intermediates (Fig. 
4B, A symbol). Importantly, the neck is the site 
of interaction for the assembly cofactor Era, 
which has been implicated in facilitation of 
global rRNA conformational changes during 
late central and early 3’ domain assembly. Era is 
thought to act in concert with cofactor RimM, 
which itself interacts with S19, an r-protein ma- 
jorly implicated in kinetic cooperativity during 
3’ domain assembly (/8, 19). We speculate that 
this rotated conformation is required for produc- 
tive binding by slow-binding tertiary proteins 
such as S10, S14, S2, S3, and S21. The inde- 
pendent order of binding by these proteins in the 
group IV intermediates is evidence for parallel 
assembly in the 3’ domain to a much greater ex- 
tent than previously appreciated. Population flux 
studies show rapid accumulation of S2-containing 
intermediates relative to S3-containing interme- 


diates, even though S3 is thermodynamically 
required for S2 binding. Rapid initial binding 
by 82 results in kinetically trapped intermedi- 
ates with slow subsequent binding rates of S3, 
leading to slow conversion to productively as- 
sembled 30S subunits (Fig. 4B, dashed arrows). 
Such kinetic traps are likely avoided in vivo by 
the participation of assembly cofactors such as 
RimP, which is thought to facilitate r-protein 
binding during the very late stages of assembly 
(/8). Several less populated intermediates in group 
III consist of assembled body and head domains 
with unassembled platform and spur domains, 
likely resulting from improper assembly initia- 
tion due to the presence of the entire 16S rRNA. 
Although it is possible that these intermediates 
could convert to productive group IV interme- 
diates through conformational changes or pro- 
tein association and dissociation, the population 
profiles suggest that these subpopulations are 
probably dead-end intermediates in assembly 
reactions in vitro (fig. S4). Another potentially 
unproductive pathway branches from the major 
productive pathway at the point of conversion 
from group II to group IV intermediates and cul- 
minates in an end product that is compressed 
in structure and missing key r-proteins. The co- 
transcriptional nature of 30S assembly and the 
presence of cofactors likely minimize the forma- 
tion of such unproductive intermediates in vivo. 
Nevertheless, our structural and temporal assembly 
map shows specific evidence for parallel assem- 
bly pathways in vitro and probably recapitulates 
many of the same steps undergone in vivo. The 
DSP method used for this work is a novel ap- 
proach for understanding structure and dynam- 
ics that can be applied to a wide range of large 
biologically important complexes. 
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Polarized Myosin Produces 
Unequal-Size Daughters During 
Asymmetric Cell Division 


Guangshuo Ou,*t Nico Stuurman, Michael D‘Ambrosio, Ronald D. Valet 


Asymmetric positioning of the mitotic spindle before cytokinesis can produce different-sized daughter 
cells that have distinct fates. Here, we found an asymmetric division in the Caenorhabditis elegans Q 
neuroblast lineage that began with a centered spindle but generated different-sized daughters, the 
smaller (anterior) of which underwent apoptosis. During this division, more myosin II accumulated 
anteriorly, suggesting that asymmetric contractile forces might produce different-sized daughters. Indeed, 
partial inactivation of anterior myosin by chromophore-assisted laser inactivation created a more 
symmetric division and allowed the survival and differentiation of the anterior daughter. Thus, the 
balance of myosin activity on the two sides of a dividing cell can govern the size and fate of the daughters. 


ost somatic cell divisions equally parti- 
M« the cytoplasm and produce equiva- 
lent daughters. Asymmetric cell divisions 
are used to generate distinct daughter cells that have 


different fates in development and in adult stem cell 
lineages (/, 2). Asymmetric cell division has been 
best studied in the first embryonic cell division in 
Caenorhabditis elegans (3). Here, unequal dynein- 


Fig. 1. C. elegans Q neuroblast lineage and spindle positioning 
in asymmetric cell division. (A) Three rounds of asymmetric cell 
divisions make three different neurons (QL generates PQR, PVM, 
and SDQL, whereas QR generates AQR, AVM and SDQR) and two 
apoptotic cells (in black). (B) Spindle positioning in the second- 
round division with centrosomes (y-tubulin, TBG-1::GFP) in green 
and plasma membrane [mCherry with a myristoylation signal 
(12)] and histone (his-24::mCherry) in red. The cell anterior is 
toward the left. Bar, 2.5 um. Upper right corners show a 
schematic summary of the results: QR.p spindle is displaced 
posteriorly but QR.a spindle is centered. (C) Centrosome—to— 
cell center distance ratio (anterior centrosome distance divided 
by posterior centrosome distance); data are shown as the mean + 
SD (n = 12). Cell center is defined as the midpoint between the 
two cell poles. (D) QR.a (left) and QR.p (right) spindles during 
anaphase and cytokinesis. (E) The distance of the centrosome to 
the cleavage furrow (Ca, anterior; Cp, posterior) or to the cell 
pole (Pa, Pp). The distance is quantified from 10 movies and is 
normalized compared to the initial distances for each centrosome 
at the start of anaphase. Raw data are shown in fig. $1. 


A B 


QR.a 


mediated pulling forces in the anterior-posterior 
axis displace the spindle toward the posterior pole 
(3-5). The cleavage furrow then forms in the mid- 
dle of the elongating anaphase spindle, but be- 
cause the spindle is displaced, the cell is divided 
into unequal-size daughters (3, 5). However, in 
Drosophila neuroblasts, asymmetric cell division 
begins with the spindle aligned in the middle of 
the cell (6—8). As anaphase progresses, the spindle 
elongates asymmetrically and the cytokinetic fur- 
row shifts toward one side of the cell. However, 
the cellular mechanism responsible for this type of 
asymmetric cytokinesis is unknown. 

We developed fluorescence markers and live 
imaging methodologies to study asymmetric di- 
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visions in the C. elegans Q neuroblast lineage. Q 
neuroblasts undergo three rounds of division to 
make three distinct neurons and two apoptotic 
cells (Fig. 1A). In the second round, asymmetric 
divisions give rise to a large cell that continues to 
divide and differentiate and a small cell that un- 
dergoes apoptosis (Fig. 1A) (9). 

We first examined the spindle positioning of 
the QR.p and QR.a cells at metaphase by measur- 
ing the distances from each centrosome [marked 
by y-tubulin—green fluorescent protein (GFP)] to 
the center of the cell. In QR.p, the metaphase 
spindle was displaced toward the posterior; the 
distance from the anterior centrosome to the cell 
center was 0.4 times as long as that from the pos- 
terior centrosome to the cell center (Fig. 1, B and 
C, and movie S1). At anaphase, the cleavage fur- 
row formed equidistant between the two centro- 
somes. As the spindle elongated, the distances of 
the anterior and posterior centrosomes to the fur- 
row increased in a similar manner (Fig. 1, D and 
E, fig. S1, and movie $1); as the spindle was dis- 
placed before anaphase, a large and a small daugh- 
ter cell were produced when the cytokinetic furrow 
bisected the spindle. The behavior of the QL.p 
division was similar to that of QR.p (fig. S2, A 
and B). Thus, this asymmetric division appears to 
be similar to the first cell division in C. elegans 
embryogenesis (3, 5). 

The asymmetric division of the QR.a cell, 
however, was more similar to that described for 
Drosophila neuroblasts. In the QR.a cell, anaphase 
began with the two centrosomes positioned equi- 
distant to the center [imaged with GFP—y-tubulin 
(Fig. 1, B and C, and movie S2)] or GFP—o-tubulin 
(fig. S3 and movie S3). As anaphase progressed, 
the distance from the anterior centrosome to the 
ingressing cleavage furrow remained constant, 
whereas the posterior centrosome-to—furrow dis- 
tance increased (Fig. 1, D and E, fig. S1, and movie 
S2). This progressively developing asymmetry that 
emerges in a cell with an initially centered spindle 
raises the possibility that a nonspindle factor may 
be driving the asymmetry in daughter cell size. 

We next examined the dynamics of GFP- 
labeled nonmuscle myosin II in the contractile ring 
during cytokinesis. In the QR.p cell (posterior- 
displaced spindle), myosin IT (NMY-2 in C. elegans) 
was equally distributed on the anterior and poste- 
rior sides of the ingressing furrow throughout cyto- 
kinesis (Fig. 2, A and B, fig. S4A, and movie S4). 
Myosin was depleted at both the anterior and pos- 
terior poles during telophase, as in somatic cell di- 
vision (10). However, in the QR.a cell, where the 
cleavage furrow is initiated at the cell center, the 
distribution of myosin became asymmetric during 
anaphase. More cortical myosin was found at the 
anterior than at the posterior side of the furrow, 
particularly at early stages of anaphase, and cortical 
myosin was often found at the anterior pole of the 
QR.a cell, which was rarely seen in the QR.p cell 
(Fig. 2, A and B, movie S5, and fig. S4). We also 
observed a similar myosin II asymmetry during the 
asymmetric cell division in QL.a but not in the QL. 
p lineage (fig. S2, C and D). 


An asymmetric distribution of myosin in the 
QR.a cells might create a “tense” anterior cortex 
that resists deformation and a “relaxed” posterior 
cortex that can deform and expand. To explore 
this idea, we examined the shape of the plasma 
membrane (using an mCherry-tagged plasma mem- 
brane marker) in the anterior and posterior halves 
of the dividing cell. For the QR.p cell, its anterior 
pole is the leading edge of cell migration before 
and after cell division (QR.pa cell). The anterior 
membrane of the QR.p cell was more dynamic 
and more ruffled than the posterior portion from 
metaphase and throughout cytokinesis (Fig. 2C, 
movie S6, and fig. S6B). As the spindle elongated 
in anaphase, the centrosome-to-cell pole dis- 
tances decreased equally in the anterior and pos- 
terior (Fig. 1, D and E, and movie S1), and the size 
of the anterior half was constantly ~2.2 times as 
large as that of the posterior throughout cyto- 
kinesis (fig. S5). However, a very different behav- 
ior was observed for the QR.a cell. Like that of the 
QR.p cell, the anterior half of the QR.a cell was the 
leading edge of migration before division, and was 
more dynamic and formed more protrusions than 
the posterior portion through metaphase (Fig. 2C, 
movie S7, and fig. S6A). However, unlike that of 
the QR.p cell, the anterior membrane became less 
dynamic and protrusive at anaphase and shrunk 


QR.a (pig-1) 


inward, resulting in a gradual decrease of the an- 
terior pole-to—centrosome distance and also the 
size of the anterior daughter (Fig. 1, D and E, figs. 
S1 and S5, and movies S2 and S7). Furthermore, 
the membrane in the posterior pole expanded out- 
ward during anaphase, resulting in an increase in 
the posterior pole-to—centrosome distance and the 
overall size of the posterior daughter (Fig. 2C, figs. 
S1 and S5, and movie $7). Thus, higher levels of 
cortical tension and contractile forces may drive 
the membrane toward the centrosome in the an- 
terior half and lower cortical tension may allow the 
expansion of the membrane away from the cen- 
trosome in the posterior half of the QR.a cell. 

To further explore whether myosin Il asymmetry 
is involved in generating the QR.a daughter cell 
size asymmetry, we examined GFP—myosin II in 
the pig-] (gm344) mutant [PIG-1, a MELK-like 
kinase, is needed for asymmetric cell division in Q 
neuroblasts but not in the early embryo (//)]. In 
the pig-/ mutant, GFP-myosin II was distributed 
symmetrically on the anterior and posterior sides 
of the furrow during QR.a division (Fig. 2, A and 
B, fig. S4, and movie S8), consistent with a role 
for myosin in the asymmetric cell division of the 
QR.a cell. However, because the pig-/ mutant 
also affects the asymmetric division of the QR.p 
cell, which occurs by spindle displacement rather 
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Fig. 2. Myosin II and membrane dynamics in Q neuroblasts during cytokinesis. (A) Still images of myosin 
II-GFP dynamics during cytokineses of QR.a in wild-type (WT) or QR.a in pig-1 mutant and QR.p animals. 
(B) Myosin II-GFP fluorescence intensities ratio between the anterior and posterior parts of QR.a or QR.p 
cells in WT or pig-1 (gm344) mutant (*P < 0.001, n = 9 to 11); data are shown as the mean + SD. (C) 
Membrane dynamics of QR.a or QR.p during cytokinesis. The plasma membrane is imaged as in Fig. 1. 
Green dots are autofluorescent spots in the C. elegans body that provide fiducial marks (original image not 
shown). Panels on the far right show the alignment of QR.a and QR.p cell peripheries (0 s red, 300 s green) 
revealing the contraction and expansion of the two sides of the cell. Asters show neighboring Q cells. More 
examples are shown in fig. S6. Anterior of the cell is toward the left. Bar, 2.5 um. 


29 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on October 28, 2010 


QR.a Myosin II CALI QR.p Myosin I] CALI 


é e 


0 Sec 


a 


AP 
Cc >. 
@'® WT CALI a! 8) QR.p WT CALI 
6 15 O15 
= > 
Ww Lu 
wie ol 
2 oH 
=? g° 
36 $6 
— > 
rey 3 O3 
) 0 
0.2 0.4 0.6 0.8 1.0 1.2 0.2 0.4 0.6 0.8 1.0 1.2 
Daughter Cell Size Ratio (Anterior/Posterior) F Daughter Cell Size Ratio (Anterior/Posterior) 
E QR.a MIG-2 CALI ‘OR 
ete WT g MIG-2::GFP CALI 
g 
W412 
2 
Q9 
| =4 
X%6 
xe} 
SS 
O83 


° 


0.2 0.4 0.6 1.0 1.2 
Daughter Cell Size Ratio (Anterior/Posterior) 

Fig. 3. Chromophore-assisted laser inactivation (CALI) of myosin II in Q neuroblasts during cytokinesis. 
(A) CALI inactivation of myosin II in the anterior of QR.a enlarges the anterior daughter cell size. Upper 
images show the chromosome and plasma membrane labeled with mCherry, and lower images show GFP- 
tagged myosin II. Arrows indicate the region that was treated with CALI at late anaphase (22). (B) CALI 
inactivation of myosin II in the posterior of QR.p does not change sizes of daughter cells. (C) and (D) are 
quantifications of the above CALI experiments. (E and F) CALI of MIG-2::GFP does not change the ratio of 
QR.aa and QR.ap. Anterior of the cell is toward the left. Bar, 5 um. 


A WT CALI 


QR.p 


QR.ap 


Cell Fates in WT (N=21) 
QR.aa 


Pri Fates after CALI (N=19) 


80 
60 


Percentage 


Apoptosis Survive 


Metaphase Early Cytokinesis Late Cytokinesis Death Survival 


@-@--0@ 


Fig. 4. Cell fate after CALI and a proposed model. (A) QR.aa cells normally undergo apoptosis 
(disappearance at 126 min). After CALI, QR.a cell migrated (82 min, the nonmotile QR.pp provides a 
fiduciary marker) and formed a neurite-like process (189 min). (B) Quantifications of QR.aa cell fates (12) 
in WT (red) and after CALI (blue) ~150 min after birth. Anterior of the cell is toward the left. Bar, 5 um. (C) 
Proposed mechanism of QR.aa asymmetric division. Myosin II localizes evenly in QR.a cell at metaphase 
but distributes asymmetrically during anaphase. More myosin II at the anterior than at the posterior may 
generate larger cortical tension (long arrows), pushing cellular contents and resulting in a small cell in the 
anterior that undergoes apoptosis and a large cell in the posterior that survives. Myosin II (green); plasma 
membrane and chromosomes (red); centrosome and microtubules (blue). 


than asymmetric myosin, this correlation does 
not definitively link the polarization of myosin II 
with asymmetric cell division. To obtain more 
direct evidence, we inactivated myosin II activity 
using chromophore-assisted laser inactivation 
[CALI (/2)] in the anterior of the QR.a cell at 
the onset of cytokinesis and determined whether 
this perturbation changed the sizes of the daugh- 
ters. CALI uses an intense laser irradiation of a 
fluorophore, including GFP, to damage proteins 
within ~4 nm by generating highly reactive hy- 
droxyl radicals (/3—/5). GFP-based CALI of the 
myosin II regulatory light chain has been shown to 
specifically block furrow ingression during cyto- 
kinesis in Drosophila epithelial cells (16). Sim- 
ilarly, in the first-round division of the QR cell, 
we found that CALI illumination of GFP—myosin 
II applied to one side of the furrow caused the 
ingression on that side to pause while the other, 
nonilluminated side continued to pinch (fig. S7B, 
73%, n= 11). Thus, CALI can inhibit the myosin 
II activity during cytokinesis in the Q cell. 

We next applied CALI to the anterior half of 
QR.a cell, which had higher GFP—myosin II, and 
then measured the sizes of the daughters. After 
CALI, the anterior daughter cell QR.aa was en- 
larged [QR.aa/QR.ap size ratio of 0.83 + 0.18 
(mean + SD, n = 39) compared to normal (0.52 + 
0.08, n = 35) (Fig. 3, A and C)]. Furthermore, the 
QR.aa cell was sometimes larger than the QR.ap 
cell after CALI treatment, which was not ob- 
served in the wild type (Fig. 3C). To establish that 
these results were due to inactivation of myosin 
and not to nonspecific effects of illumination, we 
performed a similar CALI treatment of the GFP- 
tagged membrane protein MIG-2, a small guano- 
sine triphosphatase involved in Q cell migration 
but not in cytokinesis (17, 18). Performing CALI 
of MIG-2::GFP in the anterior of the QR.a cell 
at anaphase did not significantly change the 
QR.aa/QR.ap cell size ratio (0.56 + 0.07, n =21) 
(Fig. 3, E and F). We also performed CALI of 
GFP-myosin II in the posterior half of the QR.p 
cell, whose asymmetric division appears to in- 
volve spindle displacement rather than asymmetric 
myosin (Figs. 1 and 2). In this case, CALI only 
marginally changed the QR.pp/QR.pa size ratio 
[(0.47 + 0.06, 2 = 21) versus untreated (0.42 + 0.06, 
n= 24); Fig. 3, B and D]. Thus, CALI of GFP- 
tagged myosin II specifically affects the daughter 
cell sizes of the QR.a division. 

We next followed the fate of the QR.aa cell 
after CALI by long-term time lapse imaging. Nor- 
mally, the QR.aa cell becomes engulfed and di- 
gested by neighboring cells within 150 min (Fig. 
4, A and B, and movie S9) (9). In contrast, the 
QR.aa cell derived from the QR.a cell after CALI 
treatment sometimes escaped apoptosis (21%, 1 = 
19) and could differentiate into a neuronal-like 
cell that extended a long process (11%) (Fig. 4, A 
and B, and movie S10). The larger QR.aa cells 
that formed after CALI were the ones that had a 
higher chance of survival (fig. S7C). The differ- 
entiation into a neuronal-like cell appears to be an 
outcome associated with survival rather than with 
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CALI per se, because a similar differentiation phe- 
notype was observed when QR.aa apoptosis was 
blocked in a ced-4 mutant (n//62) (fig. S8). 

Our results show that asymmetric cortical ten- 
sion, produced by an unequal distribution of my- 
osin and perhaps other cortical proteins, produced 
two different-sized QR.a daughter cells. We pro- 
pose that a stiffer and inward-contracting anterior 
pole pushes cytoplasm through the furrow toward 
the less contractile posterior pole, which responds 
by expanding like a balloon (Fig. 4C). We also 
demonstrate a direct connection between the size 
of a cell and its fate in C. elegans development by 
showing that increasing cell size by myosin II 
CALI can result in a rescue from apoptosis and 
differentiation into a neuronal-like cell. 

The downstream “output” of asymmetric cor- 
tical signaling (3, 5) has been thought to be the 
mitotic spindle, best exemplified by the displace- 
ment of mitotic spindle in the C. elegans embryo 
(3, 5). Similarly, asymmetric divisions of Dro- 
sophila neuroblasts (which start anaphase with a 
symmetric, centrally positioned spindle) have been 
postulated to arise from the greater elongation of 
microtubules on one side of the spindle midzone 
compared with the other (6-8). We also observed 
asymmetric spindle elongation in the QR.a cell 
(Fig. 1, D and E), but propose that this occurs 
secondarily to myosin polarization, in which the 
spindle elongates preferentially toward the pole 


with lower cortical tension. In support of this 
idea, increasing cortical tension at the cell poles 
prevents spindle elongation and cell extension in 
dividing Drosophila S2 cells (19). Consequently, 
we propose that a polarization of myosin-based 
contractility is the primary driver of the QR.a cell 
division asymmetry, although we cannot rule out 
some contribution from the spindle as well. Thus, 
a simple organism like C. elegans [in which 807 
out of its 949 somatic cell divisions are asymmetric 
(20)] appears to use at least two physical mecha- 
nisms (one spindle-based and one cortex-based) to 
generate asymmetric cell division. 

Note added in proof: Cabernard et al. (21) 
recently showed an asymmetric distribution of 
myosin II during cytokinesis of Drosophila 
neuroblasts. 


References and Notes 
1. K. A. Moore, |. R. Lemischka, Science 311, 1880 (2006). 
2. R. A. Neumiiller, J. A. Knoblich, Genes Dev. 23, 2675 (2009). 
3. S. Q. Schneider, B. Bowerman, Annu. Rev. Genet. 37, 
221 (2003). 
4. P. Gonczy, S. Pichler, M. Kirkham, A. A. Hyman, J. Cell Biol. 
147, 135 (1999). 
5. P. Génczy, Nat. Rev. Mol. Cell Biol. 9, 355 (2008). 
6. K.H. Siller, C. Q. Doe, Nat. Cell Biol. 11, 365 (2009). 
7. J. A. Kaltschmidt, C. M. Davidson, N. H. Brown, A. H. Brand, 
Nat. Cell Biol. 2, 7 (2000). 
8. Y. Cai, F. Yu, S. Lin, W. Chia, X. Yang, Cell 112, 51 (2003). 
9. J. E. Sulston, H. R. Horvitz, Dev. Biol. 56, 110 (1977). 
10. R. D. Vale, J. A. Spudich, E. R. Griffis, J. Cell Biol. 186, 
727 (2009). 


11. S. Cordes, C. A. Frank, G. Garriga, Development 133, 
2747 (2006). 

12. Materials and methods are available as supporting 
material on Science Online. 

13. T. J. Diefenbach et al., J. Cell Biol. 158, 1207 (2002). 

14. K. Jacobson, Z. Rajfur, E. Vitriol, K. Hahn, Trends Cell 
Biol. 18, 443 (2008). 

15. F. S. Wang, J. S. Wolenski, R. E. Cheney, M. S. Mooseker, 
D. G. Jay, Science 273, 660 (1996). 

16. B. Monier, A. Pélissier-Monier, A. H. Brand, B. Sanson, 
Nat. Cell Biol. 12, 60 (2010). 

17. G. Ou, R. D. Vale, j. Cell Biol. 185, 77 (2009). 

18. |. D. Zipkin, R. M. Kindt, C. J. Kenyon, Cell 90, 883 (1997). 

19. G. R. Hickson, A. Echard, P. H. O'Farrell, Curr. Biol. 16, 
359 (2006). 

20. H. R. Horvitz, |. Herskowitz, Cell 68, 237 (1992). 

21. C. Cabernard, K. E. Prehoda, C. Q. Doe, Nature 467, 
91 (2010). 

22. We thank L. Cai, D. Sherwood, J. Ziel, P. Zhang, 
I. Cheeseman, C. Kenyon, G. Garriga, and Caenorhabditis 
Genetics Center for reagents, equipments and strains, 
and thank C. Locke and W. Li for myosin quantifications. 
This work was supported by the Damon Runyon Cancer 
Research Foundation (G.O.) and the NIH and Howard 
Hughes Medical Institute (R.D.V.). 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/science.1196112/DC1 
Materials and Methods 

Figs. $1 to $8 

Table $1 

References 

Movies $1 to $10 


5 August 2010; accepted 20 September 2010 
Published online 30 September 2010; 
10.1126/science.1196112 

Include this information when citing this paper. 


A Size Threshold Limits Prion 
Transmission and Establishes 
Phenotypic Diversity 
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According to the prion hypothesis, atypical phenotypes arise when a prion protein adopts an 
alternative conformation and persist when that form assembles into self-replicating aggregates. 
Amyloid formation in vitro provides a model for this protein-misfolding pathway, but the mechanism 
by which this process interacts with the cellular environment to produce transmissible phenotypes 
is poorly understood. Using the yeast prion Sup35/[PS/*], we found that protein conformation 
determined the size distribution of aggregates through its interactions with a molecular chaperone. 
Shifts in this range created variations in aggregate abundance among cells because of a size 
threshold for transmission, and this heterogeneity, along with aggregate growth and fragmentation, 
induced age-dependent fluctuations in phenotype. Thus, prion conformations may specify 
phenotypes as population averages in a dynamic system. 
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vivo (/—3). These phenotypes are linked to the 
assembly of the protein into aggregates that, at 
different rates, template the conversion of newly 
made prion proteins to a similar state and are 
fragmented (4). But how do these biochemical 
events translate into distinct phenotypes? One pos- 
sibility is an “‘abundance-based” model, in which 
phenotypes are linked to an equilibrium between 
aggregated and soluble prion protein that deter- 
mines protein activity and the number of heritable 
prions (propagons) (5, 6). However, the conversion 
and fragmentation reactions also create hetero- 


geneity in aggregate size, raising the possibility 
of a second, “‘size-based” model in which a sub- 
population of aggregates establishes and propagates 
phenotypes (7). 

To distinguish between these models, we fo- 
cused on the [PS/*]™@* and [PST ]S"® conforma- 
tions of the yeast prion protein Sup35, which create 
phenotypes of different stabilities in vivo (8). To 
sustain these phenotypes in a dividing culture, 
Sup35 protein in the prion conformation must be 
inherited (7). To test whether conformational dif- 
ferences affect phenotypic stability by altering 
protein transmissibility, we monitored Sup35—green 
fluorescent protein (GFP) transfer to daughter cells. 
Through use of fluorescence loss in photobleach- 
ing (FLIP), a [PS‘]“*** strain transferred half as 
much Sup35-GFP (~15% versus ~30%) (Fig. 1A) 
and contained ~50% fewer propagons than a 
[Psi 8" strain (Fig. 1B). Thus, conformation- 
based differences in protein transmission corre- 
late with phenotypic inheritance. 

Following from the models, differences in ag- 
gregate abundance and/or size may create this 
variation in prion protein transmission (5, 7), and 
indeed, [PS/°]"* strains differ from [PS/*P"™"£ 
strains by the accumulation of fewer but larger ag- 
gregates (9—/2). To distinguish between these pos- 
sibilities, we simulated prion propagation via each 
transmission mechanism (/3). For the abundance- 
based model, we were unable to recapitulate the 
severity and stability of [PS/* |" and [psf ns 
phenotypes (fig. S5) (73). In contrast with a size- 
based model, we recapitulated all experimentally 
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observed characteristics that distinguish these 
strains, including the relationship between the 
products of their conversion and fragmentation 
rates, the stabilities of their phenotypes, and their 
aggregate size distributions (Table 1 and figs. S6 
to S10) (//—13). The latter model only captured 
the [PSI']"°* and [PSI*]8"°"= states when the 
transmission size threshold was set within the range 
that distinguishes their aggregates (<30 mono- 
mers/aggregate) (fig. S9) (J7, 12) and when frag- 
mentation was modeled as an enzyme-limited 
process dependent on the catalyst for this re- 
action, the molecular chaperone Hsp104 (figs. 
S8, A and B, and S9) (/4-/6). 

To experimentally test the hypothesis that 
aggregate size rather than abundance establishes 
conformation-based phenotypes, we altered Sup35 
expression, which affected phenotypic stability dif 
ferently in the two models. For the size-based 
model, phenotypic stability decreases with Sup35 
overexpression because aggregates increase in size 
(Fig. 2A) and decrease in transmissibility; howev- 
er, for the abundance-based model, phenotypic 
stability increases because more aggregates are 
produced (5, /3). Severe overexpression of prion 
proteins in yeast decreases phenotypic stability 
(17-19), which may reflect the assembly of alter- 
native complexes (20-22). To circumvent this po- 
tential complication, we reversibly and modestly 
(approximately four- to sixfold) changed Sup35- 
GFP expression using a tetracycline-responsive 
promoter (fig. S11). As predicted by the size-based 
model (Fig. 2A), larger aggregates appeared with 
Sup35-GFP overexpression (Fig. 2B), and this 


size shift induced a ~50% decrease in propagons 
(Fig. 2C), a decrease in phenotypic stability by a 
factor of 70 (Fig. 2D), and a ~50% decrease in 
Sup35-GFP transmission (Fig. 2E). Conversely, 
transient repression of Sup35-GFP synthesis 
shifted aggregates to smaller sizes (Fig. 2B) and 
suppressed the inheritance defects, increasing 
propagons and Sup35-GFP transmission by 50% 
(Fig. 2, C and E). These correlations between 
prion protein expression and heritability support 
the size-based model. 

To further discriminate between the models, 
we characterized daughter-derived Sup35 directly. 
For the “abundance-based” model, daughters con- 
tain aggregates of similar size and abundance to 
their mothers (fig. S8C). However, for the size- 
based model, daughters contain smaller and fewer 
aggregates than their mothers (Table 1 and fig. S10), 
and the size of these aggregates is conformation- 
independent because of the selection imposed by 
transmission. Indeed, daughter-derived Sup35-GFP 
was transmitted with equal efficiency to mothers 
in [PST "= and [PSI] strains (Fig. 2F), 
and [PS7' "= daughters—isolated by means of 
centrifugal elutriation (fig. $12)—contained only 
~17% of the aggregates in the total population 
(Fig. 2G), again satisfying the size-based model 
predictions. Thus, aggregate size rather than abun- 
dance determines phenotypic stability in vivo. 

How does this framework create phenotypes 
of different severity? Sup35 is a translation release 
factor whose activity is compromised by its con- 
formational conversion and assembly into aggre- 
gates (23). Thus, cell-to-cell variation in aggregate 


Fig. 1. Propagons cor- A B 

relate with transmitted 100 ; 2007 
Sup35. (A) Sup35-GFP > so 

transmission to daugh- 2 80 ° ; i j b ; ; $$ $3454 $$ = 

ters was determined by = 70 ? 996 ? b . i & 150 
means of FLIP (mean + ® 60 x 2 

SEM). [Psi*}""9 (open § 2 u n ° : 2100 

circles, SY81, n = 11 ry rie edauaday e 

data sets), [psi~ ] (black S #0 a 

squares, SY85, n = 7 iz 30 50 

data sets), and [ps/*“ek 2 20 = 
(gray diamonds, punc- 2 10 

tate SY779, n = 7 data © 
sets; open diamonds, dif- " Bs ee (s) ie sa & os 
fuse SY779, n = 7 data 7 8 


sets). (B) Propagons were 


quantified for [PS/]™"2 (Sy81) and [Psr*]“*** (SY779). Horizontal lines indicate 25th, 50th, and 75th per- 
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abundance created by the size-based model (Fig. 
2G, Table 1, and fig. S10) raises the possibility that 
[PSI] phenotypes reflect population averages of 
Sup35 activities. Consistent with this idea, individ- 
ual [PS/"] cells accumulated Sup35-GFP in dif- 
ferent physical states (Fig. 3A). This variation was 
more severe for the less efficiently transmitted 
[Psi ]**** conformation, in which only ~67% of 
cells accumulated Sup35-GFP in a primarily ag- 
gregated form (punctate, less efficiently transmitted 
fluorescence) in contrast with ~92% of [PSI "= 
cells (Figs. 1A and 3A). This heterogeneity in Sup35 
physical state correlated with cell-to-cell variation 
in activity. Although the range of translation termi- 
nation activities in a population of [PSI PS cells 
expressing a stop codon read-through reporter [glu- 
tathione S-transferase (GST)-UGA-enhanced 
GFP (eGFP)—PEST] overlapped only minimally 
with that ofa non-prion [ps7 ] strain (~17%) (Fig. 
3B), [PST']"™* activities overlapped extensively 
with those of [psi] (~53%) and [PS7* "72 
(~38%) (Fig. 3B). Thus, size-based transmission 
of aggregates creates phenotypic diversity within 
a population. 

Despite these single-cell variations, [PST' ] strains 
form phenotypically homogeneous rather than sec- 
tored colonies (24). To explore the molecular basis 
of this disconnect, we asked how single-cell vari- 
ation is produced and maintained. According to our 
simulations (Table 1) and biochemical analysis 
(Fig. 2G), mother cells contain more aggregates 
than their daughters. To determine whether cell-to- 
cell variations in Sup35 activity (Fig. 3B) simi- 
larly correspond to replicative age, we isolated 
subpopulations of a [PSI']"** culture express- 
ing GST-UGA-eGFP-PEST with fluorescence- 
activated cell sorting (FACS) and determined the 
number of bud scars on cells in each fraction. 
Young cells were strongly enriched in the fraction 
with the most accurate translation termination, in 
which 90% of the cells had produced less than 
two daughters (Fig. 3C). In contrast, nearly half 
(~48%) of the cells in the fraction with the least 
accurate translation termination had produced three 
or more daughters (Fig. 3C). 

This link between replicative age and pheno- 
typic severity suggests that cells change during 
aging. Indeed, when young cells were isolated and 
cultured to regenerate a population, cells with re- 
duced translation termination activity reappeared 
(Fig. 3D). What is the mechanism underlying this 
phenotypic transition? According to our simula- 
tions, the limited number of aggregates inher- 


Table 1. Comparison of [PS/*]"©2* and [PS/*]5"°"9 characteristics from simulated and experimental observations. 


Relative product of 


Soluble Sup35 


Strain Prion loss conversion and 
fragmentation rates Total Mother Daughter 
Simulation Experimentalt Simulation* Experimentalt Simulation Experimentalf (31) Simulation Simulation 
(8, 24) (5) 
[Psi ]tons 0% ~0% 2.5 3 15% 19% 6.8% 33.4% 
[Psr*]eak 1.6% 1 to 3% 1 il 31.3% 35% 12.8% 87.9% 


*Simulated conversion rates for [PS/*]>°"9 and [PS/*]°** are 2.45 x 10°° and 6.45 x 10-° (molecules min)~+, respectively, and simulated fragmentation rates for [PS/*]>°"9 and [Psr*]"<* are 


1.3 x 10° and 0.2 x 10° min“, respectively (23). 


tExperimental values are reported in the cited references. 
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Fig. 2. A size threshold limits aggregate transmission. (A) Aggregate size 
distributions for [PS/*]>"°"9 with (dotted line) wild-type, (solid line) 4X Sup35, 
or (dashed line) the latter after repression of Sup35 synthesis for one gen- 
eration were determined by means of stochastic simulation (23). (B) Lysates 
from [PSr*}"°"9 (+; p35, SY81 or ptet, SY1607) or [psi~] (-; SY85) in the pres- 
ence (+) or absence (—) of doxycycline (Dox) for the indicated generations were 
analyzed by means of semidenaturing agarose gel electrophoresis (SDD-AGE) 
and immunoblotting with antibody to GFP. (C) Propagons were quantified in 
[PSr*}t"S cells (p35, SY81; ptet, SY1607) in the absence (-) or presence (+) of 
Dox for one-generation. Box plots, as in Fig. 1B. p35, n = 27 cells; p35+Dox, n= 
13 cells; ptet, n =21 cells; ptet+dox, n = 16 cells; *P = 0.02; **P = 0.001 (D) The 
frequency of prion loss was determined for [PS/*]“°** (w, SY779) and [PS/*]5t°"S (s) 
strains in (B). (E) Sup35-GFP transmission to daughters was determined with 
FLIP (mean + SEM; n = 3 data sets) in [PS/*]>°"9 (circles, SY81; squares, SY1607) in 
the (open) absence or (black) presence of Dox for one generation. (F) Sup35-GFP 
transmission to mothers was determined with FLIP (mean + SEM; n = 3 data sets) 
in [PSr*}"°"9 (open circles, SY81) and [Psi*]"*?* (gray diamonds, SY779). (G) 
[Psr*}""°"9 (SY1607) total (lane 1, solid line) and daughter (lane 2, dashed line) 
fractions were analyzed with SDD-AGE and immunoblotting with antibody to 
GFP. (Right) Densitometry traces are provided. 


Fig. 3. Size-based transmission of aggregates creates A 
population heterogeneity and fluctuations. (A) (Left) 
Sup35-GFP fluorescence pattern (punctate, white; 
diffuse, black) was (right) quantified (mean + SD; n = 
3 experiments) in [PSI*]""9 (SY81), [PSI*]“@** (SY779), 
and [psi~] (SY85). Scale bar, 5m. (B) [PSI*}"°"9 (solid 
black line, SY1635), [Psr*]"*** (pink filled, SY1636), 
and [psi] (red line, SY1637; dotted black line, 
74D-694) were analyzed by means of flow cytometry. 
Vertical dotted lines indicate least and most flu- 
orescent 20%. (C) Bud scars were quantified in the 
fractions marked in (B) (SY1636; n = 3 data sets). (D) 
[psr*]"*** (SY1636) cultures after (dotted line) FACS 
and (solid line) regrowth were analyzed by means of 
flow cytometry. (E) Aggregate size distributions were 
simulated for a mother cell before its (red) first, (orange) 
fourth, (green) seventh, (blue) 10th, and (purple) 12th 
divisions (23). (F) Propagons were quantified (n > 3 
cells) in successive daughters from a [PS/*]""2 strain 
(74D-694). Box plots are as in Fig. 1B; *P = 0.0081. 
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ited by a daughter progressively amplifies to a 
steady-state plateau as that cell ages (Fig. 3E). 
Thus, early daughters will inherit fewer aggre- 
gates than later daughters. Indeed, propagons 
transmitted to successive daughters increased 
through the third generation and then remained 
relatively constant (Fig. 3F). Our observations 
provide a mechanistic explanation for previously 
observed cell-to-cell variability in propagons 
(6, 25) and reveal age-dependent [PSI" ] pheno- 
types at the single-cell level. 

Thus, the seemingly static phenotypes asso- 
ciated with prion protein conformations may ac- 
tually reflect highly dynamic pathways of prion 
protein biogenesis in dividing cells. For any given 
cell, the complement of aggregates and the pheno- 
type fluctuate in response to the interplay between 
the protein-misfolding pathway and its cellular 
environment, creating a self-regenerating system 
that settles to a stable population average for each 
conformation. Thus, the cellular environment has 
profound effects on the phenotypic manifestations 
of prion protein conformations. 

The dynamic size-based system that we have 
uncovered may contribute to the physiological 
consequences of protein misfolding in ways that 
are not possible for an abundance-based process. 
The phenotypic variation established and main- 
tained through the events described here strength- 
ens the argument that the prion mechanism, like 
other epigenetic processes, facilitates selection in 
new environments and consequently evolution (26). 
According to our model, access to an advanta- 
geous state may not require a [prion PRION" ] 
phenotypic switch (27) but instead may always 
be present within a population. In mammals, var- 


iation in aggregate size may similarly affect pro- 
tein transmissibility between nondividing cells 
and the spread of pathology in prion and perhaps 
other protein-misfolding disorders, such as Par- 
kinson’s, Alzheimer’s, and Huntington’s diseases 
(28-30). Indeed, prion protein conformation and 
expression—parameters that alter aggregate size— 
are more reliable predictors of the clinical course 
of disease than is the presence of protease-resistant 


aggregates (/). 
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Cognitive Illusions 


of Authorship 


Reveal Hierarchical Error Detection 


in Skilled Typists 


Gordon D. Logan* and Matthew J. C. Crump 


The ability to detect errors is an essential component of cognitive control. Studies of error detection 
in humans typically use simple tasks and propose single-process theories of detection. We 
examined error detection by skilled typists and found illusions of authorship that provide evidence 
for two error-detection processes. We corrected errors that typists made and inserted errors in 
correct responses. When asked to report errors, typists took credit for corrected errors and accepted 
blame for inserted errors, claiming authorship for the appearance of the screen. However, their 
typing rate showed no evidence of these illusions, slowing down after corrected errors but not after 
inserted errors. This dissociation suggests two error-detection processes: one sensitive to the 
appearance of the screen and the other sensitive to keystrokes. 


rrors are ubiquitous in human perform- 
ance (/, 2). Their consequences can be 
costly, ranging from mild annoyance to 


Department of Psychology, Vanderbilt University, Nashville, 
TN 37203, USA. 


*To whom correspondence should be addressed. E-mail: 
gordon.logan@vanderbilt.edu 


global-scale disaster. Errors are common in the 
early stages of skill acquisition, when learning is 
based on trial and error, but they still prevail in 
expert performance, when skills are automatic 
and fluent. Detecting and correcting errors are 
important components of executive control at 
high skill levels (3, 4). The control processes that 
manage errors are evident in behavioral measures 


of post-error slowing and conscious reports of 
errors (/), as well as in neural measures of error- 
related potentials in the electroencephalogram (5) 
and activation of the anterior cingulate cortex in 
functional brain imaging (6, 7). Several theories 
have been proposed to account for these mea- 
sures. Some assume a post hoc comparison of 
intended and actual actions (5). Others suggest 
that conflict between competing responses may 
be sufficient to trigger error detection and cor- 
rection (4). Researchers often view these accounts 
as mutually exclusive and perform experiments 
intended to decide between them, as if there were 
a single error-detection mechanism and the goal 
of their research was to determine its properties. 
That may be possible in simple tasks with single 
responses, but it is unlikely to apply to complex 
tasks, like typewriting, that involve hierarchical 
processing and extended interaction with the 
environment (8—/(0). Here, we report the induc- 
tion of cognitive illusions of authorship (//—/4) 
in skilled typists and provide evidence for two 
separate error-detection mechanisms nested in 
a hierarchical control process (/0). 

Skilled typewriting engages many processes, 
from perception to cognition and action (9, /5). 
The processes can be divided into two nested 
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feedback loops: (1) an outer loop that begins 
with language comprehension and generation and 
produces a series of words to be typed and (ii) an 
inner loop that begins with the words the outer 
loop provides and produces a series of keystrokes 
(9, 10, 15—17). The two loops are relatively auton- 
omous: The outer loop commands the inner loop 
but knows little about how the inner loop carries 
out its commands (/0, 17). Our research was 
guided by the hypothesis that the two loops are 
driven by different kinds of feedback: The outer 
loop is sensitive to the appearance of the output 
on the screen, whereas the inner loop is sensitive 
to feedback from the fingers and the keyboard 
(9, 17, 18). Thus, the two loops should detect 
errors with different mechanisms (/9, 20). 

We created illusions of authorship by intro- 
ducing mismatches between errors in the inner 
and outer loops. We corrected errors that typists 
made, so the output matched their intentions 
when their motor behavior did not, and we 
inserted errors into the output that the typists 
produced, so that their motor behavior matched 
their intentions when the output did not. We 
hypothesized that the outer loop would evaluate 
the match between intended and actual actions, 
claiming authorship for the appearance of the 
screen. The outer loop decides that the response 


Fig. 1. (A) Mean interkey- A 
stroke interval in millisec- 


is correct if the screen looks right and incorrect 
if the screen looks wrong. Thus, the outer loop 
would treat corrected errors like actual, typist- 
produced correct responses and inserted errors 
like actual, typist-produced errors, creating illu- 
sions of authorship (//—/4). We hypothesized 
that the inner loop would monitor keystrokes, 
evaluating proprioceptive and kinesthetic feed- 
back (/7—20), and so would respond differently 
to inserted errors and actual errors and to cor- 
rected errors and correct responses. The inner 
loop would know the truth behind the illusion. 
We tested these hypotheses in three exper- 
iments in which skilled typists typed single 
words presented one at a time on a computer 
screen, with their responses echoed on the screen 
below the word to be typed (2/). We measured 
outer-loop error detection by asking for explicit 
reports of errors. The three experiments varied in 
the intrusiveness of explicit error detection. The 
first was the least intrusive, asking for retrospec- 
tive reports after the experiment finished. The 
second asked participants to judge whether each 
word was correct or erroneous as soon as they 
typed it. The third told participants about cor- 
rected and inserted errors at the outset and asked 
them to judge whether each word was correct, 
erroneous, a corrected error, or an inserted error. 
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Error bars are the 95% con- 
fidence intervals for the 


means based on Fisher's least significant difference test, calculated from 
the interaction between response type (error, inserted, corrected) and error 
position (E—1, Error, E+1, E+2). The data for correct responses are averaged 
over positions. (B) Proportions of participants who experienced illusions 


We measured inner-loop error detection by eval- 
uating post-error slowing. Skilled typists typically 
slow down immediately after an error, prolonging 
the interkeystroke interval between the error and 
the next keystroke (/8). We predicted post-error 
slowing after actual errors and corrected errors 
and no slowing for inserted errors and correct 
responses. 

We assessed the illusion of authorship by 
comparing explicit error detection with post-error 
slowing. If outer- and inner-loop error detection 
are accomplished by a single process, then typists 
should report errors in conditions that produce 
post-error slowing (actual errors and corrected 
errors), and they should report correct responses 
in conditions that do not produce post-error slow- 
ing (correct responses and inserted errors). If 
outer- and inner-loop error detection involve sep- 
arate, hierarchically nested processes, then typists 
should report “correct” whenever the screen looks 
right (correct responses and corrected errors) and 
“error” whenever the screen looks wrong (actual 
errors and inserted errors), whether or not those 
conditions produce post-error slowing. 

In each experiment, we inserted errors on 6% 
of the trials. On the remaining 94% of trials, we 
corrected ~45% of actual errors by echoing the 
correct response on the computer screen regard- 
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tion two, which was open-ended, in question three, which addressed inserted 
errors, and in question four, which addressed corrected errors) in the 50-, 
100-, and 600-word groups and in experiment two. Error bars are 95% 
confidence intervals for the proportions calculated from the binomial 
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probabilities of reporting correct or error for correct responses (correct), actual errors (error), inserted errors (inserted), and corrected errors (corrected). 
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less of what participants typed on 45% of the 
trials. We quantified skill as words per minute 
(WPM) on a typing test administered at the end 
of the experiment, reporting mean WPM + stan- 
dard deviation for each experiment. The typists 
were predominantly of college age, had 12.86 + 
5.35 years of experience, and typed at speeds 
comparable to professional typists. 

The first experiment used retrospective error- 
detection reports, varying the number of words 
that were typed (50, 100, or 600) between par- 
ticipants to manipulate the opportunity to detect 
corrected and inserted errors. We tested three 
different groups of 24 skilled typists (WPM = 
61.6 + 16.9, 70.6 + 20.6, and 68.6 + 20.7 words, 
respectively); they typed 91.0, 89.9, and 91.0% 
of the words correctly, respectively. We assessed 
post-error slowing by examining interkeystroke 
interval for the trial before and two trials after an 
error. Twenty-two typists in the 600-word group 
provided sufficient data for this analysis. Their 
results, plotted in Fig. 1A, show slowing 
immediately after the error for incorrect responses 
(F126 = 150.8, p < 0.01) and corrected errors 
(Fi126 = 114.8, p < 0.01), but no slowing for 
inserted errors (F < 1.0). Thus, the inner loop 
responds differently to actual and inserted errors, 
as predicted. Interkeystroke intervals were longer 
for corrected errors and actual errors than for 
inserted errors and correct responses. This dif- 
ference may reflect early error detection in the 
inner loop (20) or differences between words 
typed correctly and incorrectly. Errors are more 
likely to occur in words that are more difficult to 
type, and so are typed more slowly (2/). 

We assessed illusions of authorship with a 
post-experiment questionnaire, which consisted 
of six questions. The second, third, and fourth 
questions were most relevant. The first question 
asked for an estimate of the number of correct 
and incorrect responses. The second was open- 
ended, asking, “Did you notice anything about 
the kind of errors that you made?” Responses to 
this question were scored as illusions of author- 
ship if typists made no mention of inserted or 
corrected errors. The third and fourth questions 
were direct, asking, “Did you notice that on some 
proportion of the trials the computer may have 


Fig. 3. (A) Mean interkey- A 
stroke interval in millisec- 
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inserted errors, even if you correctly typed the 
word?” and “Did you notice that on some pro- 
portion of the trials the computer may have 
correctly typed a word even though you made an 
error?” Responses to these questions were scored 
as illusions of authorship if typists said “no.” 

The proportions of typists showing illusions 
of authorship are plotted in Fig. 1B. The propor- 
tions were significantly greater than zero for each 
question in each group (that is, the 95% confi- 
dence intervals constructed from the binomial 
distribution did not include 0). Illusions of au- 
thorship were stronger in the open-ended ques- 
tion than in the more direct questions, perhaps 
because typists were less willing to admit they 
had not noticed inserted and corrected errors when 
they were told they had occurred. Illusions of au- 
thorship were about the same for inserted and 
corrected errors. Illusions of authorship declined as 
typists experienced more inserted and corrected 
errors. There were 3, 6, and 36 inserted errors in the 
50-, 100-, and 600-word versions of the experi- 
ment, respectively. Corrected errors were generated 
by randomly correcting 45% of all responses. The 
average numbers of corrected errors for the 18, 23, 
and 24 typists who experienced one or more in the 
50-, 100-, and 600-word versions of the experi- 
ment were 2.4, 4.3, and 24, respectively. 

The post-error—-slowing data and retrospec- 
tive reports show a dissociation between inner- 
and outer-loop error detection. Typists slowed 
after corrected errors but not after inserted errors, 
yet many of them accepted corrected errors as 
correct responses and inserted errors as errors. 
This analysis of post-error slowing collapses over 
typists who did and did not show illusions of 
authorship. We analyzed post-error slowing 
separately for typists who did and did not show 
illusions and found the same pattern in both 
groups (fig. S1) (2/). Thus, the pattern in Fig. 1A 
is representative of all typists. 

The second experiment asked 24 skilled typ- 
ists (WPM = 68.2 + 11.0) to type 600 words. 
After each word, they were asked to report errors 
explicitly, indicating whether they typed the word 
correctly or incorrectly. There was no mention of 
corrected and inserted errors. Typists typed 
88.4% of the words correctly. Mean interkey- 
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stroke intervals from 23 typists who provided 
sufficient data for analysis are plotted in Fig. 2A. 
There was post-error slowing for incorrect re- 
sponses (F) 132 = 125.0, p < 0.01) and corrected 
errors (F\132 = 169.6, p < 0.01), but not for in- 
serted errors (F < 1.0), suggesting again that 
inner-loop error detection distinguishes between 
actual errors and correct responses. 

Explicit error-detection probabilities, plotted 
in Fig. 2B, show good discrimination between 
correct and incorrect responses. For correct re- 
sponses, typists said “correct”? more than “error” 
[4(23) = 41.61, p < 0.01]; for incorrect responses, 
typists said “error” more than “correct” [4(23) = 
10.40, p < 0.01]. Typists showed illusions of au- 
thorship for inserted errors, saying “error” more 
than “correct” [(23) = 5.33, p < 0.01]. They also 
showed illusions of authorship for corrected errors, 
saying “correct” more than “error” [#(23) = 5.26, 
p<0.01). 

The post-error slowing and post-trial report 
data reveal a dissociation between inner- and 
outer-loop error detection. We assessed the dis- 
sociation further by comparing trials in which 
typists did and did not experience illusions of 
authorship (2/). The pattern of post-error slowing 
was the same for both sets of trials (fig. S5), sug- 
gesting that the pattern in Fig. 2A is represent- 
ative of all trials. 

The explicit report task did not allow typists 
to distinguish between actual errors and inserted 
errors or between correct responses and corrected 
errors. Nevertheless, typists chose responses that 
reflected the appearance of the screen instead of 
the keys they struck, consistent with their ex- 
perience with computers and with our hypothesis 
that explicit error detection reflects outer-loop 
control processes. We administered the post- 
experiment questionnaire from experiment one 
and found that typists did not seem to be con- 
fused about the requirement to classify inserted 
and corrected errors. The proportions of typists 
showing illusions of authorship were about the 
same as those of the typists in the 600-word 
group in experiment one, who were not required 
to report errors after each trial (Fig. 1B). 

We conducted a third experiment that included 
four response categories in the explicit detection 


correct, error, inserted error, 
or corrected error. The data 
for correct responses are av- 
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eraged over positions. Error bars indicate 95% confidence intervals based on Fisher's least significant difference test calculated from the interaction between 
response type and error position. (B) Mean probabilities of reporting correct, error, inserted error, or corrected error for correct responses (correct), actual errors 
(error), inserted errors (inserted), and corrected errors (corrected). 
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task (correct, error, inserted error, and corrected 
error) to allow typists to distinguish sources of errors 
and correct responses and, therefore, provide a 
stronger test of illusions of authorship. We asked 24 
skilled typists (WPM = 70.7 + 16.4) to type 600 
words, each of which was followed by a four- 
alternative explicit report screen. Typists typed 
91.8% of the words correctly. Mean interkeystroke 
intervals, plotted in Fig. 3A, show post-error slow- 
ing for incorrect responses (F133 = 117.7, p < 0.01) 
and corrected errors (F) 13g = 120.0, p < 0.01), but 
not for inserted errors (F < 1.0), indicating that 
inner-loop detection distinguishes between actual 
errors and correct responses. 

Explicit detection probabilities, plotted in Fig. 
3B, show good discrimination between correct 
and error responses. For correct responses, typists 
said “correct” more than “error” [#(23) = 97.29, 
p <0.01]; for error responses, typists said “error” 
more than “correct” [“(23) = 8.22, p < 0.01]. Typ- 
ists distinguished actual errors from inserted errors 
well, avoiding an illusion of authorship. They 
said “error” more than “inserted” for actual errors 
[«(23) = 7.06, p < 0.01] and “inserted” more than 
“error” for inserted errors [(23) = 14.75, p < 
0.01]. However, typists showed a strong illusion 
of authorship with corrected errors. They were 
just as likely to call them correct responses as 
corrected errors [¢(23) = 1.38]. 

The post-error slowing and post-trial report 
data show a dissociation between inner- and outer- 
loop error detection. We assessed the dissociation 
further by comparing post-error slowing on trials 
in which typists did and did not experience 
illusions of authorship (2/). The pattern of post- 
error slowing was the same for both sets of trials 
(fig. S6), suggesting that the pattern in Fig. 3A is 
representative of all trials. 


The three experiments found strong dissocia- 
tions between explicit error reports and post-error 
slowing. These dissociations are consistent with 
the hierarchical error-detection mechanism that we 
proposed, with an outer loop that mediates ex- 
plicit reports and an inner loop that mediates post- 
error slowing. This nested-loop description of error 
detection is consistent with hierarchical models 
of cognitive control in typewriting (9, 10, 15—17) 
and with models of hierarchical control in other 
complex tasks (2, 8, 22). Speaking, playing music, 
and navigating through space may all involve 
inner loops that take care of the details of per- 
formance (e.g., uttering phonemes, playing notes, 
and walking) and outer loops that ensure that in- 
tentions are fulfilled (e.g., messages communi- 
cated, songs performed, and destinations reached). 
Hierarchical control may be prevalent in highly 
skilled performers who have had enough practice 
to develop an autonomous inner loop. Previous 
studies of error detection in simple tasks may 
describe inner-loop processing. The novel con- 
tribution of our research is to dissociate the outer 
loop from the inner loop. 

The three experiments demonstrate cogni- 
tive illusions of authorship in skilled typewriting 
(/1-14). Typists readily take credit for correct 
output on the screen, interpreting corrected errors 
as their own correct responses. They take the 
blame for inserted errors, as in the first and sec- 
ond experiments, but they also blame the com- 
puter, as in the third experiment. These illusions 
are consistent with the hierarchical model of error 
detection, with the outer loop assigning credit 
and blame and the inner loop doing the work of 
typing (J0, 17). Thus, illusions of authorship 
may be a hallmark of hierarchical control systems 
(2, 11, 22, 23). 
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Evidence for a Collective Intelligence 
Factor in the Performance of 


Human Groups 
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Psychologists have repeatedly shown that a single statistical factor—often called “general 
intelligence”—emerges from the correlations among people’s performance on a wide variety of cognitive 
tasks. But no one has systematically examined whether a similar kind of “collective intelligence” exists for 
groups of people. In two studies with 699 people, working in groups of two to five, we find converging 
evidence of a general collective intelligence factor that explains a group’s performance on a wide variety 
of tasks. This “c factor” is not strongly correlated with the average or maximum individual intelligence 
of group members but is correlated with the average social sensitivity of group members, the equality in 
distribution of conversational turn-taking, and the proportion of females in the group. 


s research, management, and many other 
Aw of tasks are increasingly accom- 
plished by groups—working both face- 
to-face and virtually (/—3)—it is becoming ever 


more important to understand the determinants of 
group performance. Over the past century, 


psychologists made considerable progress in 
defining and systematically measuring intelli- 
gence in individuals (4). We have used the sta- 
tistical approach they developed for individual 
intelligence to systematically measure the intelli- 
gence of groups. Even though social psycholo- 


gists and others have studied for decades how 
well groups perform specific tasks (5, 6), they have 
not attempted to measure group intelligence in the 
same way individual intelligence is measured— 
by assessing how well a single group can perform 
a wide range of different tasks and using that 
information to predict how that same group will 
perform other tasks in the future. The goal of the 
research reported here was to test the hypothesis 
that groups, like individuals, do have character- 
istic levels of intelligence, which can be measured 
and used to predict the groups’ performance on a 
wide variety of tasks. 

Although controversy has surrounded it, the 
concept of measurable human intelligence is based 
on a fact that is still as remarkable as it was to 
Spearman when he first documented it in 1904 
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(7): People who do well on one mental task tend to 
do well on most others, despite large variations in 
the tests’ contents and methods of administration 
(4). In principle, performance on cognitive tasks 
could be largely uncorrelated, as one might expect 
if each relied on a specific set of capacities that 
was not used by other tasks (8). It could even be 
negatively correlated, if practicing to improve one 
task caused neglect of others (9). The empirical 
fact of general cognitive ability as first demon- 
strated by Spearman is now, arguably, the most 
replicated result in all of psychology (4). 

Evidence of general intelligence comes from 
the observation that the average correlation among 
individuals’ performance scores on a relatively 
diverse set of cognitive tasks is positive, the first 
factor extracted in a factor analysis of these scores 
generally accounts for 30 to 50% of the variance, 
and subsequent factors extracted account for 
substantially less variance. This first factor extracted 
in an analysis of individual intelligence tests is 
referred to as general cognitive ability, or g, and it 
is the main factor that intelligence tests measure. 
What makes intelligence tests of substantial prac- 
tical (not just theoretical) importance is that in- 
telligence can be measured in an hour or less, 
and is a reliable predictor of a very wide range 
of important life outcomes over a long span of 
time, including grades in school, success in many 
occupations, and even life expectancy (4). 

By analogy with individual intelligence, we 
define a group’s collective intelligence (c) as the 
general ability of the group to perform a wide 
variety of tasks. Empirically, collective intelligence 
is the inference one draws when the ability of a 
group to perform one task is correlated with that 
group’s ability to perform a wide range of other 
tasks. This kind of collective intelligence is a prop- 
erty of the group itself, not just the individuals in it. 
Unlike previous work that examined the effect on 
group performance of the average intelligence of 
individual group members (/0), one of our goals is 
to determine whether the collective intelligence of 
the group as a whole has predictive power above 
and beyond what can be explained by knowing 
the abilities of the individual group members. 


The first question we examined was whether 
collective intelligence—in this sense—even exists. 
Is there a single factor for groups, a c factor, that 
functions in the same way for groups as general 
intelligence does for individuals? Or does group 
performance, instead, have some other correla- 
tional structure, such as several equally important 
but independent factors, as is typically found in 
research on individual personality (//)? 

To answer this question, we randomly as- 
signed individuals to groups and asked them to 
perform a variety of different tasks (/2). In Study 
1, 40 three-person groups worked together for up 
to 5 hours on a diverse set of simple group tasks 
plus a more complex criterion task. To guide our 
task sampling, we drew tasks from all quadrants 
of the McGrath Task Circumplex (6, /2), a well- 
established taxonomy of group tasks based on the 
coordination processes they require. Tasks in- 
cluded solving visual puzzles, brainstorming, 
making collective moral judgments, and negoti- 
ating over limited resources. At the beginning of 
each session, we measured team members’ indi- 
vidual intelligence. And, as a criterion task at the 
end of each session, each group played checkers 
against a standardized computer opponent. 

The results support the hypothesis that a 
general collective intelligence factor (c) exists in 
groups. First, the average inter-item correlation 
for group scores on different tasks is positive (r= 
0.28) (Table 1). Next, factor analysis of team 
scores yielded one factor with an initial eigen- 
value accounting for more than 43% of the 
variance (in the middle of the 30 to 50% range 
typical in individual intelligence tests), whereas 
the next factor accounted for only 18%. Confir- 
matory factor analysis supported the fit of a 
single latent factor model with the data [y? = 
1.66, P = 0.89, df = 5; comparative fit index 
(CFD) =.99, root mean square error of approxi- 
mation (RMSEA) = 0.01]. Furthermore, when 
the factor loadings for different tasks on the first 
general factor are used to calculate a c score for 
each group, this score strongly predicts perform- 
ance on the criterion task (r = 0.52, P = 0.01). 
Finally, the average and maximum intelligence 


REPORTS 


scores of individual group members are not 
significantly correlated with c [r = 0.19, not 
significant (ns); 7 = 0.27, ns, respectively] and 
not predictive of criterion task performance (r = 
0.18, ns; 7 = 0.13, ns, respectively). In a regres- 
sion using both individual intelligence and c to 
predict performance on the criterion task, c has 
a significant effect (8 = 0.51, P = 0.001), but 
average individual intelligence (8 = 0.08, ns) and 
maximum individual intelligence (8 =.01, ns) do 
not (Fig. 1). 

In Study 2, we used 152 groups ranging from 
two to five members. Our goal was to replicate 
these findings in groups of different sizes, using a 
broader sample of tasks and an alternative mea- 
sure of individual intelligence. As expected, this 
study replicated the findings of Study 1, yielding 
a first factor explaining 44% of the variance and a 
second factor explaining only 20%. In addition, a 
confirmatory factor analysis suggests an excel- 
lent fit of the single-factor model with the data 
(6° = 5.85, P = 0.32, df = 5; CFI = 0.98, NFI = 
0.89, RMSEA = 0.03). 

In addition, for a subset of the groups in Study 
2, we included five additional tasks, for a total of 
ten. The results from analyses incorporating all 
ten tasks were also consistent with the hypothesis 
that a general c factor exists (see Fig. 2). The 
scree test (13) clearly suggests that a one-factor 
model is the best fit for the data from both studies 
[Akaike Information Criterion (AIC) = 0.00 for 
single-factor solution]. Furthermore, parallel anal- 
ysis (13) suggests that only factors with an eigen- 
value above 1.38 should be retained, and there is 
only one such factor in each sample. These conclu- 
sions are supported by examining the eigenvalues 
both before and after principal axis extraction, 
which yields a first factor explaining 31% of 
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Table 1. Correlations among group tasks and descriptive statistics for Study 1. n = 40 groups; *P < 0.2 
0.05; **P < 0.001. 
0.1 
1 2 3 4 5 6 7 8 9 
1 Collective intelligence (c) . siadhi%s 
2 Brainstorming 0.38* aid Saye 
3 Group matrix reasoning 0.86** 0.30* Video Game Architectural Design 
4 Group moral reasoning 0.42* 0.12 0.27 Fig. 1. Standardized regression coefficients for 
5 Plan shopping trip 0.66** 0.21 0.38* 0.18 collective intelligence (c) and average individual 
6 Group typing 0.80** 0.13 0.50** 0.25* 0.43* member intelligence when both are regressed to- 
7 Avg member intelligence 0.19 0.11 0.19 0.12 -0.06 0.22 gether on criterion task performance in Studies 
8 Max member intelligence 0.27 0.09 0.33" 0.05 -0.04 0.28 0.73* 1 and 2 (controlling for group size in Study 2). 
9 Video game 0.52* 0.17 0.38* 0.37* 0.39* 0.44* 0.18 0.13 Coefficient for maximum member intelligence is 
Minimum 267 9 2 32 10.80 148 4.00 8.00 26 also shown for comparison, calculated in a separate 
Menamati 156 55 7 81 82.40 1169 12.67 15.67 9% regression because it is too highly correlated with 
Mean 0 28,33 11.05 57.35 46.92 596.13 8.92 11.67 61.80 apna ane aca ch pl suet 
SD 1.00 11.36 3.02 10.96 19.64 263.74 1.82 1.69 17.56 g y ant : 


1 and 2, respectively). Error bars, mean + SE. 


www.sciencemag.org SCIENCE VOL 330 29 OCTOBER 2010 687 


REPORTS 


688 


Fig. 2. Scree plot demonstrating 
the first factor from each study ac- 
counting for more than twice as 
much variance as subsequent fac- 
tors. Factor analysis of items from 
the Wonderlic Personnel Test of In- 
dividual intelligence administered 
to 642 individuals is included as a 
comparison. 


Percent Variance Explained 


|-a- Study 2 (five tasks) 


|—e— Study 2 (ten tasks) 


the variance in Study | and 35% of the variance 
in Study 2. Multiple-group confirmatory factor 
analysis suggests that the factor structures of 
the two studies are invariant (y? = 11.34, P= 
0.66, df = 14; CFI = 0.99, RMSEA = 0.01). 
Taken together, these results provide strong 
support for the existence of a single dominant 
c factor underlying group performance. 

The criterion task used in Study 2 was an ar- 
chitectural design task modeled after a complex 
research and development problem (/4). We had 
a sample of 63 individuals complete this task 
working alone, and under these circumstances, 
individual intelligence was a significant predictor 
of performance on the task (r = 0.33, P= 0.009). 

When the same task was done by groups, 
however, the average individual intelligence of 
the group members was not a significant predictor 
of group performance (7 = 0.18, ns). When both 
individual intelligence and c are used to predict 
group performance, c is a significant predictor (B = 
0.36, P = 0.0001), but average group member 
intelligence (8 = 0.05, ns) and maximum member 
intelligence (8 = 0.12, ns) are not (Fig. 1). 

If c exists, what causes it? Combining the find- 
ings of the two studies, the average intelligence of 
individual group members was moderately cor- 
related with c (r = 0.15, P = 0.04), and so was the 
intelligence of the highest-scoring team member 
(r= 0.19, P= 0.008). However, for both studies, c 
was still a much better predictor of group per- 
formance on the criterion tasks than the average or 
maximum individual intelligence (Fig. 1). 

We also examined a number of group and indi- 
vidual factors that might be good predictors of c. We 
found that many of the factors one might have ex- 
pected to predict group performance—such as group 
cohesion, motivation, and satisfaction—did not. 

However, three factors were significantly cor- 
related with c. First, there was a significant corre- 
lation between c and the average social sensitivity 


++@+* Indiv intelligence Test 


of group members, as measured by the “Reading 
the Mind in the Eyes” test (/5) (r = 0.26, P = 
0.002). Second, c was negatively correlated with 
the variance in the number of speaking turns by 
group members, as measured by the sociometric 
badges worn by a subset of the groups (/6) (r= 
—0.41, P=0.01). In other words, groups where a 
few people dominated the conversation were less 
collectively intelligent than those with a more 
equal distribution of conversational turn-taking. 

Finally, c was positively and significantly 
correlated with the proportion of females in the 
group (r = 0.23, P = 0.007). However, this result 
appears to be largely mediated by social sensitiv- 
ity (Sobel z = 1.93, P= 0.03), because (consistent 
with previous research) women in our sample 
scored better on the social sensitivity measure 
than men [4(441) = 3.42, P= 0.001]. In a regres- 
sion analysis with the groups for which all three 
variables (social sensitivity, speaking turn vari- 
ance, and percent female) were available, all had 
similar predictive power for c, although only 
social sensitivity reached statistical significance 
(B = 0.33, P= 0.05) (12). 

These results provide substantial evidence for 
the existence of c in groups, analogous to a well- 
known similar ability in individuals. Notably, this 
collective intelligence factor appears to depend 
both on the composition of the group (e.g., aver- 
age member intelligence) and on factors that emerge 
from the way group members interact when they 
are assembled (e.g., their conversational turn- 
taking behavior) (/7, 8). 

These findings raise many additional questions. 
For example, could a short collective inteligence 
test predict a sales team’s or a top management 
team’s long-term effectiveness? More important- 
ly, it would seem to be much easier to raise the 
intelligence of a group than an individual. Could 
a group’s collective intelligence be increased by, 
for example, better electronic collaboration tools? 


Many previous studies have addressed ques- 
tions like these for specific tasks, but by measur- 
ing the effects of specific interventions on a group’s 
c, one can predict the effects of those interventions 
on a wide range of tasks. Thus, the ability to 
measure collective intelligence as a stable property 
of groups provides both a substantial economy of 
effort and a range of new questions to explore in 
building a science of collective performance. 
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ommendation. For questions about the search or to 
submit external references, call the Search Committee 
Chair, Dr. Geoffrey C. Trussell, at telephone: 781- 
581-7370 (ext. 300). Review of applications will be- 
gin December 1, 2010, and will continue until the position 
is filled. Northeastern is an Equal Opportunity/Affirmative 
Action Title IX University. Women and minority candidates are 
especially encouraged to apply. 


THREE TENURE-TRACK POSITIONS (Rank 
Open)—The Department of Anatomy at the Univer- 
sity of Mississippi Medical Center wishes to fill two 
positions with a research emphasis, and one with a 
teaching emphasis, as part of its aggressive program 
to expand Neurobiology research. For more infor- 
mation about the department, go to website: http:// 
anatomy.umce.edu. Successful candidates for the re- 
search positions need a strong funding history. Can- 
didates for the teaching position need to demonstrate 
experience in teaching in the anatomical sciences. Ap- 
plicants should electronically send their curriculum 
vitae, personal statement about research and teaching, 
and the names and e-mail addresses of three refer- 
ences to Dr. Paul J. May, Search Committee Chair, 


at e-mail: pmay@anatomy.umce.edu. The University of 


Mississippi Medical Center is an Equal Opportunity Employer, 
Minorities/Females/Persons with Disabilities / Veterans. 


POSTDOCTORAL ASSOCIATE 
Mouse Models of Cancer 

Position available immediately at Fox Chase Cancer 
Center for newly funded project involving mouse mod- 
els of malignant mesothelioma. Experience in the use of 
transgenic or knockout mouse models desired. Strong 
background in molecular genetics and/or carcinogenesis 
required. Campus located in park-like setting in Phila- 
delphia, Pennsylvania. Submit curriculum vitae and names 
of two references to e-mail: joseph.testa@fccc.edu. 

Equal Opportunity Employer. 


ae) Northeastern University 


ASSISTANT PROFESSOR 
Developmental Biology or Neurobiology, with 
Focus on Adult Stem Cells 


The Department of Biology at Northeastern Univer- 
sity, Boston, Massachusetts invites applications for a 
tenure-track appointment in the area of Developmen- 
tal Biology or Neurobiology, with specific focus on 
adult stem cells, and on the role of such cells in tissue 
regeneration or behavioral plasticity. Although appoint- 
ment at the assistant professor level is preferred, appli- 
cations at the associate professor level will be considered 
for candidates with a particularly strong track record. 
The anticipated start date is fall 2011. A competitive 
startup package will be provided. 

Responsibilities will include teaching undergraduate 
and graduate courses and conducting an independent, 
externally funded research program. The Department 
has 28 full-time faculty members and administers pro- 
grams in biology, biochemistry, behavioral neuroscience, 
and marine biology for over 1100 undergraduates, and 
currently hosts 61 students in the Biology Ph.D. pro- 
gram. In addition to facilities at Northeastern’s main 
campus in the Back Bay area of Boston, the depart- 
ment has faculty and facilities nearby at Northeastern’s 
Marine Science Center in Nahant, Massachusetts. 

Applicants should have a Doctorate in biology or 
related field, a strong record of publication, and strong 
potential for external research funding. Candidates must 
have experience in, or a demonstrated commitment to, 
working with diverse student populations and/or in a 
culturally diverse work and educational environment. 

Application materials should be submitted to “Careers 
at Northeastern” at website: https://psoft.neu.edu/ 
psc/neuhrprdpub/EMPLOYEE/HRMS/c/ 
NEU_HR.NEU_JOBS.GBL. Click on “Faculty Posi- 
tions” and search for the current position under the 
College of Science. You can also apply by visiting the Col- 
lege of Science website: http: //www.northeastern. 
edu/cos/ and clicking on the Faculty Positions button. 
A complete application includes a cover letter, cur- 
riculum vitae, research statement, teaching statement, 
and a list of three references. The applicant should ask 
each reference to submit a letter directly to: Chair, 
Department of Biology, 134 Mugar Building, 360 
Huntington Avenue, Boston, MA 02115. Review 
of applications will begin immediately. For full con- 
sideration, all application materials, including the ref- 
erence letters, should be submitted by December 15, 
2010. 

Northeastern University, founded in 1898 and widely rec- 
ognized for its success in Cooperative Education, is an Equal 
Opportunity, Affirmative Action Educational Institution and Em- 
ployer, Title IX University. It is a participant in the National 
Science Foundation ADVANCE program (Advancement of Women 
in Academic Science and Engineering Careers). Candidates from 
groups underrepresented in science are especially encouraged to apply. 


FACULTY POSITION in Organic and 
Bioorganic Materials Chemistry 
University of California, Irvine 


The Department of Chemistry at the University of 
California, Irvine invites applications for a tenure- 
track position at the ASSISTANT PROFESSOR level 
in the field of experimental Organic and Bioorganic Ma- 
terials Chemistry. We are seeking a Ph.D.-level scientist 
who will establish a vigorous research program involving 
any aspect of organic polymers/soft materials (special 
attention will be given to applicants with interests in soft 
materials related to biology, energy, environment, and 
catalysis); a strong commitment to teach at the under- 
graduate and graduate levels is also required. Applica- 
tions should contain a cover letter, curriculum vita, list of 
publications, and a description of research plans. Appli- 
cants should also arrange to have at least three letters of 
recommendation submitted electronically on their behalf. 
Completed applications should be sent electronically, 
online at website: https://recruit.ap.uci.edu. To ensure 
full consideration, applications and supporting materials 
should be received by November 15, 2010. The University 
of Califomia, Irvine ts an Equal Opportunity/Affirmative Action 
Employer committed to excellence through diversity. UC Iwine has an 
active ADVANCE Gender Equity Program. 
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“Senior Lecturer/ © 


“(4 Associate Professor in 
Biomedical Research 


The Faculty of Medicine at Linkoping University 
runs the most highly rated MD program in Sweden, 
as well as a number of other strong educational 
programs in Health Care and Life Sciences. It trains 
a large number of health care professionals and 
researchers, and has strong research within several 
areas of modern medical sciences. 


The Department of Clinical and Experimental 
Medicine hosts several strategic research centers, i.e. 
neuroscience, infectious disease, and regenerative 
medicine. The Department is now seeking a Senior 
Lecturer/Associate Professor in Biomedicine. The 
position is primarily focused on research, and the 
successful applicant is expected to establish an inde- 
pendent research group conducting research within 
his or her area of choice. 


For more details please go to: www.liu.se/en/job/ 


ae Linképing University 
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expanding reality 


10-0910 


BIOLOGY DEPARTMENT CHAIR 


Brookhaven National Laboratory (BNL) seeks a Biology Department Chair to 
lead the continued development of nationally and internationally competitive 
core biology and biotechnology capabilities at BNL. In addition to maintaining 
his/her own active research program, the successful candidate will be 
expected to: provide intellectual leadership for the Department; work with 
the staff to recruit, mentor and develop new members, and to maintain an 
interactive environment supportive of creative scientific research; develop 

a scientific vision for the Department in a leading national laboratory, and 
participate actively in accomplishing this vision; build strategic partnerships 
that significantly enhance BNL bioscience R&D capabilities and the impact of 
our programs. The goal is to develop a premier biosciences program consistent 
with the missions of the U. S. Department of Energy and, where possible, 
leveraging the unique multi-disciplinary capabilities and facilities at BNL. 


Qualified candidates will have a doctorate degree in the biosciences or 
related disciplines, an internationally recognized record of accomplishment, 
and an active effort in one or more of the following areas: plant and/or 
microbial biology, metabolic biology, plant epigenetics, structural biology, 
synthetic biology, quantitative biology relevant to the U. S. Department of 
Energy missions in Energy and Environment. Successful candidates will have 
experience in developing integrated multi-disciplinary research programs 
and leading highly successful R&D teams. We believe that a comprehensive 
employee benefits program is an important and meaningful part of the 
compensation employees receive. Our programs offer medical and dental; life 
insurance, 401(k) plan, retirement plan, on-site day care, exercise facility, tennis 
courts, and other employee perks and benefits. 


For consideration, please apply online at www.bnl.gov and click Jobs, then 


click Search Job List and apply to job #15519 listed under Management. 
If you have questions, email BiologyChair@bnl.gov.EOE 


L LABORATORY 
a passion for discovery. 


www.bnl.gov 


MIAMI 
UNIVERSITY 


OXFORD OH1!10 


PHYSIOLOGY/NEUROSCIENCE 


Miami University is seeking to fill a tenure-track assistant professor 
position in an area that will complement research activities of the faculty. 
The successful applicant will be expected to maintain an active research 
program, acquire extramural funding, supervise student research, and 
participate in teaching graduate and undergraduate courses. In addition, 
s/he will participate in the new interdepartmental Cellular, Molecular, 
and Structural Biology PhD program as well as interdisciplinary minors 
in neuroscience and/or molecular biology. The University has state- 


of-the-art facilities for using molecular, cellular and whole organism 
techniques and offers competitive start-up funds. The Department has 
32 faculty, over 60 PhD/MS students, and approximately 1,000 majors 
(http://zoology.muohio.edu/). Miami University (enrollment 24,000) 
is rated nationally as a highly selective public university. 


Send letter of application, curriculum vitae, statements of teaching 
and research interests, and three letters of recommendation to: Dr. 
Paul James, Search Committee Chair, Department of Zoology, 
212 Pearson Hall, Miami University, Oxford, OH 45056. Review 
of applications will begin on 7 December 2010 and continue until the 
position is filled. PhD required. Telephone 513-529-3100 or e-mail 
biosearch@muohio.edu for more information. For information regard- 
ing campus crime and safety, visit www.muohio.edu/righttoknow. 
Hard copy upon request. 


Miami University is an EOE/AA Employer 
with smoke-free campuses. 


Assistant/Associate Professor of 
Immunology and Infectious Diseases 


| The Department of Immunology and Infectious Dis- 

* eases at the Harvard School of Public Health seeks 

candidates for the position of assistant or associate 

professor of immunology and infectious diseases. 

This is a tenure-ladder position, with academic rank to 

be determined in accordance with the successful candidate’s experience 
and productivity. 


Applicants must have a PhD, MD, DVM, or equivalent degree with 
extensive training and experience in vector-borne disease systems. The 
successful candidate will build and maintain an internationally recognized 
extramurally funded research program, with a special emphasis on malaria. 
The candidate should possess the ability to work collaboratively with other 
scientists and the scholarly qualities required to mentor doctoral students 
in the graduate program in the Division of Biological Sciences. 


Please send a letter of application, including a statement of current and 
future research interests; curriculum vitae, including current and past grant 
support; sample publications; and the names of four referees to the address 
below. Applicants should ask their four referees to write independently to 
this address. The electronic submission of application documents to the 
e-mail below is welcome. 


Dr. Dyann Wirth 
Chair, Search Committee for 
Assistant/Associate Professor of Immunology and Infectious Diseases 
c/o Stephen Heim 
Department of Immunology and Infectious Diseases 
665 Huntington Avenue, SPH1-807 
Harvard School of Public Health 

Boston, MA 02115 

E-mail: sheim@hsph.harvard.edu 


Harvard University is committed to increasing representation of women 
and minority members among its faculty and particularly encourages 
applications from such candidates. 
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Division of Intramural Research 
Laboratory of Molecular Immunology 


Postdoctoral positions are available in the Inflammation Biology Section of the 
Laboratory of Molecular Immunology, NIAID. The section uses the chemokine 
system to understand T-cell biology in humans and mouse models related to 
effector/memory cell function and differentiation, inflammation, host defense, 
and cancer. Principal, current projects focus on characterizing long-lived 
populations of memory cells in humans, understanding pathways for the 
differentiation of human CD4+T cells, investigating the roles for chemokines/ 
chemokine receptors in models of Th17-type inflammatory disease and host 
defense, understanding chemokine receptor signaling in lymphocytes, and 
using chemokine receptors as targets of novel probes for in vivo imaging. 

In consultation with the principal investigator, new members of the section 
will design independent projects related to these areas. 


Application for these positions requires an interview. Contact Joshua M. Farber ———— 
e - For more information about NIAID's available ¢ 


aii Scientific Director 
NIH Center For Translational Therapeutics, Nationa! Human Ge: 


The National Human Genome Research Institute (NHGRI), a major research component of the National Institutes of Health (NIH) and the Department of Health 
and Human Services (DHHS), seeks to identify an outstanding Scientific Director to lead the newly created NIH Center for Translational Therapeutics (NCTT), 
located in Rockville, Maryland. The NCTT Scientific Director leads a program that discovers and translates novel targets into viable therapeutic compounds aimed 
to treat rare and neglected diseases. The NCTT brings together diverse and unique scientific expertise to develop and deploy reagents and technologies to 
translate physiological and genomic insights into functional and therapeutic innovations. The NCTT Scientific Director has the responsibility for an annual budget 
exceeding $60 million and a staff of ~150. In addition to providing scientific and administrative leadership of this premier research enterprise, the Scientific 
Director is expected to be an internationally recognized and highly accomplished researcher in drug development, and genetics and/or genomics. 


This position offers a unique and exciting opportunity to develop and implement an overall vision for the NCTT that is consistent with the mission and strategic 
objectives of the NIH. The Scientific Director is responsible for the recruitment and professional development of NCTT staff. S/he plays a key role in creating 
and maintaining a nurturing research environment that encourages creativity, collaboration among scientists from different disciplines and organizations, 
effective training of students and postdoctoral. fellows, and efficient utilization of resources. The ability to develop productive interactions among NCTT 
investigators, other NIH Institutes, non-profit and for-profit organizations, and the broader research community is critical, as is the ability to serve as a 
spokesperson for translational therapeutic research. 


Applicants must possess an M.D. and/or Ph.D. or equivalent degree in the biomedical sciences, as well as academic and drug development experience. The 
applicant must have a broad knowledge of the field of human genetics, genomics, pharmacology including high-throughput screening, and pre-clinical drug 
development, in addition to having a compelling vision for the future of the field, including novel therapeutic technology development. The applicant must also 
have demonstrated experience working with biotech/pharma, disease advocacy groups, and research foundation organizations. S/he must have proven 
experience in directing and managing a scientific research program, with well-honed administrative and interpersonal skills to meet the demands of both research 
and program direction. 


Salary is competitive and will be commensurate with candidate’s experience. A full Federal benefit package is available, including retirement, health and life 
insurance, long-term care insurance, annual and sick leave, and the thrift savings plan (401K equivalent). Appropriate support for this program will be provided. 
Interested applicants should submit a cover letter that includes a brief description of research and administrative experience, a current curriculum vitae and 
bibliography, names and contact information of five references, and a brief written vision for leading the NCTT. Questions about the position and applications 
themselves should be sent to Ms. Ellen Rolfes via email at ellenr@exchange.nih.gov. All information provided by the candidates will remain confidential and will 
not be released outside the NHGRI search process without a signed release from the candidate. 


Applications will be reviewed starting December 1, 2010, and will be accepted until the position is filled. 


DHHS and NIH are Equal Opportunity Employers and encourage applications from women and minorities. 


NATIONAL HUMAN GENOME RESEARCH INSTITUTE 
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Director, National Institute of Dental and Craniofacial Research (NIDCR), 


National Institutes of Health 


The NIH is the center of medical and behavioral research for the Nation 


----making essential medical discoveries that improve health and save lives. 


The mission of the National Institute of Dental and Craniofacial Research (NIDCR) is to improve and promote oral, dental, 
and craniofacial health through research, research training, and the dissemination of health information. 


Are you an exceptional candidate who can provide leadership to one of the preeminent Institutes for oral, dental, and 
craniofacial health research in the world? This position offers a unique opportunity to serve as the chief visionary for the 
Institute, actively engaging others to create a shared vision of the purpose and direction of the organization. The Director, 
NIDCR, works collaboratively within the Institute and across the NIH to generate and gain commitment for organizational 
goals and has a keen awareness of how to navigate through the workings of the public sector to effectively promote and 
reach NIDCR and NIH objectives. The Director optimizes organization performance by developing strategic priorities, setting 
and communicating clearly defined expectations, and promoting accountability for results. Serving as a role model for the 
institute, the Director, NIDCR, demonstrates integrity and fairness, adhering in work and behavior to the highest ethical, 
scientific research, and business practices standards. 


We are looking for applicants with a D.D.S., M.D. and/or Ph.D. who have senior-level research experience and knowledge 
of research programs in one or more scientific areas related to oral, dental, and craniofacial health. Applicants should be 
known and respected within their profession, both nationally and internationally, as individuals of outstanding scientific 
competence. 


The successful candidate for this position will be appointed at a salary commensurate with experience and 
accomplishments, and full Federal benefits, including leave, health and life insurance, retirement and savings plan (401K 
equivalent) will be provided. 


If you are ready for an exciting leadership opportunity, please see the detailed vacancy announcement at 
http://www.jobs.nih.gov (under Executive Jobs). Applications are due by 11:59 p.m., Friday, December 10, 2010. 


ileal NIDCR, NIH AND DHHS ARE EQUAL OPPORTUNITY EMPLOYERS carts 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 
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Tenure/Tenure Track Investigator Position 
Laboratory of Immunology 


The Laboratory of Immunology (LI), 
Division of Intramural Research, National 
Institute of Allergy and Infectious 
Diseases, National Institutes of Health, 
invites applications for a tenure/tenure- 


track investigator position in immunology. 


Applicants should have a Ph.D., M.D., or 
equivalent degree; an outstanding record 
of postdoctoral accomplishment; and an 
interest in any area of biomedical 
research related to immunology. 


Specifically, we seek a highly creative 
individual who will establish an 
independent, world-class research 
program that takes full advantage of 
the special opportunities afforded by 
the stable, long-term funding of the 
intramural research program at NIH. 
Applicants should be interested in 
developing and applying novel 
approaches to the study of problems 
of major biological and/or medical 
importance, which could include-a 
significant clinical or translational 
effort in addition to bench research. 
The successful candidate would have 
a 


£ 


i=} 


-the-art research hospital on the NIH 
campus in Bethesda, MD, and would 
have ample opportunity to participate in 
the activities of the Center for Human 
Immunology and other trans-NIH 
initiatives involving technology 
development, translational investigation, 
and multidisciplinary science. 


U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES 


National Institutes of Health 


ccess to the NIH Clinical Center, a state- 


Generous ongoing support for salary, 
technical personnel, postdoctoral fellows, 
equipment, and research supplies will be 
provided. Available cores or collaborative 
facilities include flow cytometry, 
advanced optical imaging, microarray 
generation and analysis, high throughput 
sequencing, computational biology, 
production of transgenic and gene- 
manipulated mice, biosafety level (BSL)-3 
facilities, chemical genomics, and support 
for projects involving RNAi screening. In 
addition to an outstanding, international 


To apply, e-mail your curriculum vitae, bibliography, 

and an outline of a proposed research program (no. more 

than two pages) in PDF format to Ms. Bao-Hanh Ngo at 
LIT-TTSearch@niaid.nih.gov. |n addition, three letters 

of reference must be sent directly from the referee to Drs. Giorgio 
Trinchieri and Dan Kastner, Co-Chairs, NIAID Search Committee, 
c/o Ms. Bao-Hanh Ngo at LIT-TTSearch@niaid.nih.gov or 

10 Center Drive, MSC 1356, Building 10, Room 4A22, 

Bethesda, MD 20892-1356. E-mail is preferred. 


Applications will be reviewed starting December 13, 2010, 
and will be accepted until the position is filled. For further 
information about this position, contact Dr. William Paul at 


301-496-5046 or wpaul@niaid.nih.gov. 


A full package of benefits (including retirement and health, 
life, and long-term care insurance) is available. Women and 
minorities are especially encouraged to apply. U.S. citizenship 


is not required. 


Further information on working at NIAID is available on 
our Web site at www.niaid.nih.gov/careers/LIS. 


postdoctoral community, a superior pool 
of graduate and undergraduate students 
is available to the successful applicant. 


NIAID's Laboratory of Immunology has a 
distinguished history of accomplishment 
in immunology. We strongly encourage 
application by outstanding investigators 
who can continue and enhance this 
record of achievement. Current LI 
investigators are Ronald Germain, 
Michael Lenardo, David Margulies, 
Stefan Muljo, William Paul, Ethan 
Shevach, and Tsan Xiao. 


NIAID 


National Institute of Allergy and Infectious Diseases 


wy 


National Institute of Allergy and Infectious Diseases 


Proud to be Equal Opportunity Employers 
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University of 
Pech isetts 
Lowell 


Associate Professor Positions 
Department of Biological Sciences 


The University of Massachusetts Lowell is a comprehensive university with a national reputation in 
science, engineering and technology, and committed to educating students for lifelong success in a diverse 
world and conducting research and outreach activities that sustain the economic, environmental and 
social health of the region. In February 2009 a campus-wide strategic planning initiative was launched to 
reposition UMass Lowell as a world-class institution over the next decade. A major component of that 
initiative is to ensure that diversity and inclusion are in every aspect of our strategic plan. We seek a 
diverse, talented candidate pool to be part of our mission and achievements. 


Position Description: 

The University of Massachusetts Lowell Ue Lae of Biological Sciences invites applications for 
full-time tenure-track facult postions, rank negotiable, to start September 2011 or thereafter. 

The successful candidate will be expected to have a vigorous, externally funded research program, 
and collaboration within this and other departments is encouraged. 

Current faculty research interests include genetics, neurobiology, cancer biology, invertebrate biology, 
developmental biology, virology, microbial ecology, evolution, and biogeochemistry. Our campus is 
located very near the vibrant academic and commercial biotechnology centers of Boston, Cambridge 
and Worcester. 


We are seeking established mid-career individuals with expertise in one or more of the following areas: 
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FACULTY POSITION 
MOLECULAR AND CELLULAR 
PHARMACOLOGY 


The Department of Molecular and Cellular 
Pharmacology at the University of Miami 
Miller School of Medicine is seeking appli- 
cations fora TENURE-TRACK FACULTY 
POSITION (rank open). Candidates must 
have a Ph.D. and/or M.D. degree and have 
an established record of research excellence. 
Applicants from all areas of molecular/ 
cellular biology and biomedical research are 
welcome, but we are particularly interested in 
research relating to the cardiovascular system 
to complement existing research efforts in this 
field. Rank and salary will be commensurate 


molecular/cell biology, plant science, integrative zoology, vertebrate physiology, comparative vertebrate 
structure/biomechanics, and/or evolutionary developmental biology. Teaching obligations include 
development of upper-level undergraduate/graduate courses in his/her area of expertise and participation 


in the teaching of core undergraduate courses as needed. 


Minimum Qualifications: 

¢ Earned doctorate 

¢ Demonstrated teaching ability at the undergraduate and graduate levels 
Evidence of a sustainable externally funded research program 

¢ Demonstrated publication record in scholarly journals 

e Excellent communication and interpersonal skills 


¢ Demonstrated ability to work with diverse student and faculty population 


How to apply: Interested applicants should apply online at https://jobs.uml.edu. Applications must 
be submitted by November 19, 2010. Thank you for considering the University of Massachusetts 
Lowell as an employer of choice. We look forward to receiving your application. 


The University of Massachusetts Lowell is committed to increasing diversity in its faculty, staff, and 
student populations, as well as curriculum and ie programs, while promoting an inclusive 
environment. We seek candidates who can contribute to that goal and encourage you to apply 


and to identify your strengths in this area. 


with experience. Competitive laboratory 
space and start-up funds will be offered. 


Applicants should send electronic copies 
of their CV, statement of current and 
future research interests and the names 
and addresses of three references to 
ELalor@med.miami.edu and hard copies 
to Ms. Elba M. Lalor, Asst. to the Chair- 
man, Department of Molecular and Cel- 
lular Pharmacology, University of Miami 
Miller School of Medicine, P.O. Box 016189, 
Miami, FL 33101. 


An Equal Opportunity/Affirmative Action 
Employer. 


Promega is 
~ Hiring Due to Growth in 
Research & Applied Markets 


With strong corporate growth and double digit investment in R&D, 
Promega continues to expand its scientific staff to develop new 
technological capabilities for the life sciences. 


Promega is seeking additional scientific expertise across multiple areas, 
including analytical methods in cellular biology and proteomics, 
nucleic acid isolation and analysis, high throughput assays, laboratory 
automation, toxicology, and human identity. 


Requirements include: 


¢ Desire to innovate new tools for advancing basic research, drug 
discovery, human identity, and molecular diagnostics 


Willingness to work in a dynamic team environment engaged in 
diverse disciplines. 

Interest in sharing scientific achievements and collaborating with 
innovators from other companies, universities, and institutes. 


Promega is located in Madison, WI, a community of international 
scientists, beautiful natural settings and an award winning quality of life. 


Established in 1978, Promega is a privately held company 


supplying 2000+ products to over 100 countries. = 


Visit www.promega.com/RDjobs 


Promega Corporation is an equal opportunity/ 
affirmative action employer. i 
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Jiangsu Academy of 
Agricultural Sciences 


AS 
JAA 
UL TD 
Seeking Distinguished Scientists in Various Agriculture Areas 


Jiangsu Academy of Agricultural Sciences (JAAS) is a professional 
agricultural research and extension institution that has been established 
since 1932. JAAS ranks at the top of provincial agricultural academies 
in China in terms of the comprehensive strength in agriculture. JAAS's 
headquarter and main research facilities are located in Nanjing, Jiangsu, 
China. 

Currently, there are 3 distinguished full professor positions avail- 
able for application in the following areas: breeding, food processing, 
bioenergy, facility agriculture, and large-scale farming for modern 
animal husbandry. Applicants should have a faculty position already 
beyond the assistant professor level in a university or the equivalent 
position in a research institution. In addition, all candidates should 
demonstrate excellent records of research accomplishment and havea 
command of bilingual language for English and Chinese, both in spoken 
and written. 

Successful applicants will be offered a competitive package, including 
sufficient laboratory space, startup funding, relocation fee and com- 
petitive salary commensurate with experience, in addition to a housing 
allowance, and other employee benefit. Applicants can go to www.jaas. 
ac.cn for application details. 

In addition, more information for other regular faculty positions from 
JAAS relevant to a variety of disciplines in agriculture is also available 
at WwwW.jaas.ac.cn. 

Contact information 
E-mail: rsc-gbk@jaas.ac.cn; Tel: 086-25-84390037 


ADVANCING THE SCIENCE OF GENOMICS 


J. Craig Venter Institute 


Faculty Positions 
La Jolla, CA and Rockville, MD 


For nearly two decades our scientists have been at the forefront of 
the genomic revolution. Now, we want you to join us in our quest! 


J. Craig Venter Institute scientists have been unraveling and understanding the com- 
plexities of life as contained in the genomes of thousands of microbes, plants, and 
mammals, including humans. Our scientific success is built on the philosophy of 
conducting science boldly in new interdisciplinary ways, using new tools and with the 
best scientist. The ever increasing amounts of genomic data and new avenues of 
research to explore, mean we need additional scientists with unique skills and ideas 
that will help us better understand the world around us. 


JCVI is seeking qualified applicants for positions at all levels at our La Jolla, California 
and Rockville, MD facilities particularly in the following research focus areas: 


«+ Human genomics 

- Environmental genomics, including human microbiome research 
+ Synthetic genomics 

- Bioenergy 

« Bioinformatics and computational biology 

+ Vaccine Development 


Successful candidates will conduct innovative, independent research, obtain extra- 
mural funding, take advantage of interactions with our interdisciplinary, highly colle- 
gial group of scientists within JCVI, and complement existing strengths within the 
organization. Candidates must have a Ph.D. or M.D. and a record of accomplishment 
in one or more of the targeted areas. The level of appointment will be commensurate 
with experience. 


JCVI offers an excellent working environment and a competitive benefits package. 
Interested applicants should apply directly in our career center by submitting their 
CV and a cover letter which includes a description of research interests and contact 
information for three references. JCVI's Career Center is located on our web site at 
www.jcvi.org. 


Equal Opportunity Employer M/F/D/V 


J. Craig Venter’ 
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online @sciencecareers.org 
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L Iniversity of Connecticut 
~ Health Center 


Chair of the Department of Immunology 


The University of Connecticut Health Center's School of Medicine is seeking to recruit a highly qualified 
individual with an outstanding record of accomplishments in research, education and an excellent 
record of sustained NIH funding to become Chair of the Department of Immunology. We particularly 
encourage individuals with a current track record in human or translational immunology. The position 
is ideal for an energetic and visionary individual who is presently at the Associate or Full Professor level 
and shows evidence of the leadership skills required to ensure the health and growth of the department 
and to recognize the importance of interpersonal relationships and team building. The department is 
the academic home to faculty with nationally and internationally known research programs that focus 
on the cellular, molecular, and regulatory processes of the immune system. The scope of the depart- 
ment’s research is from the most fundamental mechanisms to therapeutic applications. Departmental 
faculty are educational leaders in the graduate and preclinical medical and dental school curriculum. 


The Chair will be responsible for oversight of all research, educational, and administrative activities 
involving the department. The Chair will work to enhance the funded research portfolio of the depart- 
ment emphasizing basic and translational research; develop and support the education of medical and 
graduate students and serve as a mentor for trainees at multiple levels; assure the professional devel- 
opment and mentoring of faculty engaged in research, education, and administration; play a major role 
in active governance at the institutional and departmental levels; be involved in faculty recruiting; and 
develop a comprehensive budget, which promotes departmental and institutional financial integrity. 


The University of Connecticut Health Center is a vibrant organization composed of the School of 
Medicine, the School of Dental Medicine, the Graduate School of Biomedical Science, the John 
Dempsey Hospital, and the UCONN Medical Group. The Health Center’s campus is situated on 162 
acres of wooded hilltop in the beautiful, historic community of Farmington, Connecticut. 


Candidates should apply by submitting a curriculum vita via email to the search committee chair, Dr. 
Paul Dworkin c/o Stephanie Holden, immuchair@uchc.edu or via the University of Connecticut 
Health Center Employment Services website, https://jobs.uchc.edu, Search Code No. 2011-065. 


UCHC is an Equal Opportunity Employer M/F/V/PwD 
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KANSAS 


The Department of Pharmaceutical 
Chemistry, University of Kansas (http: 
//www.pharmchem.ku.edu/) invites 
applications for a full-time tenure-track 
faculty position at the Assistant or 
Associate Professor level in Protein and 
Macromolecular Design and Analysis 
for the 2011-2012 academic year. The 
candidate should demonstrate a strong 
potential for research and scholarship 
for appointment at the rank of Assistant 
Professor or a proven record of research 
and scholarship, commensurate with rank, 
for appointment at the level of Associate 
Professor. 


Applications include a letter of interest, 
a concise summary of past research and 
future research plans, a resume, and the 
names and addresses of three references. 
For position details and to apply go to 
https://jobs.ku.edu, search for position 
00208822. Screening of applications 
will begin December 15, 2010. Applica- 
tions will be accepted until the position 
is filled. 


EO/AA Employer. 


UF |FLORIDA 


The Foundation for The Gator Nation 


Molecular Immunology 
The Department of Infectious Diseases and Pathology at the University of 
Florida College of Veterinary Medicine is seeking a tenure-track faculty 


GRANTS 


€ 70,000 


GRANTS AVAILABLE 


member, at an academic rank commensurate with experience, to join our 
team of highly productive senior faculty. The successful candidate will be 
expected to establish a research program that can enhance our ongoing 
clinical and basic immunology programs in T-cell based vaccine development, 
immune-modulating drug development, and MHC-based immunology of 
vaccines and transplantation. 


The candidate must have expertise in MHC/T-cell immunology and interest 
in specializing in vaccine, transplantation, or cancer immunology with 
emphasis in one or more of the following areas: Vaccine, adjuvant, and 
delivery system; Immune-modulating drugs and immunotherapy for diabetes, 
neurological diseases, and cancer; MHC-peptide presentation and cytokine 
interaction in antigen-specific TCR activation; Immunoinformatics, antigen 
presentation, and T-cell regulation; Companion animal or non-human primate 
models. 


The Department (http://www.vetmed.ufl.edu/college/departments/patho/) 
has strong ties to the UF Emerging Pathogens Institute (EPI) 
(http://epi.ufl.edu), which coordinates a multidisciplinary research program in 
infectious diseases across eight UF Colleges. In addition to the EPI, the close 
proximity of the UF College of Medicine (with a CTSI award currently in place) 
and the Veteran’s Affairs Medical Center provide unique opportunities for 
collaborations. Applicants must have an advanced degree (PhD, DVM, MD) 
and a record of accomplishment in conducting extramurally-funded (NIH or 
equivalent) research. Preference will be given to candidates with 
demonstrated leadership skills as well as expertise in immunology research 
and development. The ideal candidate would possess a passion and vision for 
improving human and animal health, together with the skills required to 
share this vision with other scientists. 


Applicants should submit: a letter outlining professional goals, curriculum 
vitae, and list of three professional referees to: Dr. John B. Dame, Search 
Committee Chair, Department of Infectious Diseases & Pathology, College of 
Veterinary Medicine, PO Box 110880, University of Florida, Gainesville, FL 
32611-0880; e-mail: damej@ufl.edu; fax: 352-392-9704. Review of 
applications will begin December 6, 2010 and continue until the position is 
filled. The University of Flordia is an equal opportunity employer. 


The Wings for Life Spinal Cord Research Foundation 
is a grant giving charity funding research aimed at 
resolving spinal cord injury-induced impairments. 
We invite applications for project grants in basic 
sciences, applied basic sciences, and clinical scien- 
ces. Proposals should have a view to translation 
from the laboratory to the clinical setting and have 
the likelihood of providing real benefits to human 


patients. 
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Proposal deadline for upcoming 
grant round is December 1, 2010 
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Job Opportunities at the Cent 


r Computational Science 


The Centre for Computational Science (http://ccs.chem.ucl.ac.uk/) at UCL is seeking high quality applicants for a range of new projects 
described below. Several of these are aligned with the activities of the new UCL Computational Life and Medical Sciences Network 
(http://www.clms.ucl.ac.uk/). The successful candidates will join a very active inter-disciplinary group, working on international projects 
in fields ranging from condensed matter physics and chemistry to life sciences and medicine. 


ccs@ucl:~$ RESEARCH ASSOCIATE 


Computational Biomedical Infrastructure 
(1 x Junior Software Engineer & 1 x Senior Software Engineer) 


The project will involve the design, development, deployment and support of 
software infrastructure tools to share and access a wide range of medical and 
clinical data, in order to support real time clinical decision systems. The 
heterogeneous data sharing infrastructure developed will allow clinicians and 
researchers to securely share sensitive datasets, using distributed and possibly 
cloud based solutions as well as dedicated file servers to host large quantities 
of data. Funding is provided by the EU FP7 Virtual Physiological Human 
initiative. 

The ideal candidates will have substantial experience of the development of 
distributed infrastructure software (including Web services), and will be 
required to work as part of a large international team on the development of 
infrastructure tools. At least one of the posts requires relevant prior experience 
at post-doctoral level. Applicants must be able to demonstrate a high-level of 
programming proficiency. A background in distributed (grid-based) high 
performance computing would be advantageous. Applicants should have (or, 
at a minimum, be about to obtain) a PhD in physics, applied mathematics, 
chemistry, computational biology, software engineering or computer science 
and a proven ability to work as a member of a team. 


The posts will be on the UCL pay scale at Grade 7 (£28,983 - 35,646 p.a. plus 
London Allowance of £2,795 p.a.) and the second will be funded at Grade 8 
(£36,715 — 43,840 p.a.), depending on qualifications and experience, plus 
London allowance. 


For further details about the vacancy and how to apply on line please go to 
http://www.ucl.ac.uk/hr/jobs/ and search on Reference Number 1162320 
(Junior post) or 1162844 (Senior post). 
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C:\ RESEARCH ASSOCIATE 


Biomedical molecular dynamics 


This post will involve the development of patient specific molecular models, 
using established molecular dynamics codes such as NAMD and GROMACS, 
to investigate and rank available drugs in order to inform the clinical decision 
making process. This work will build on and extend the Binding Affinity 
Calculator system developed at the Centre for Computational Science. 


Applicants must have substantial experience of biological molecular simulation 
and related proven programming expertise. Experience of high performance 
visualisation and distributed (grid-based) high performance computing would 
be advantageous. Applicants should have (or be about to obtain) a PhD in 
physics, applied mathematics, chemistry, computational biology or computer 
science and a proven ability to work as a member of a team. 


For further details about the vacancy and how to apply on line please go to 
http://www.ucl.ac.uk/hr/jobs/ and search on Reference Number 1163163. 


ccs@ucl:~$ RESEARCH ASSOCIATE 
Multiscale Lattice-Boltzmann methods for complex fluids 


The project will involve development, deployment and application of advanced 
computational methods including optimisation of high performance parallel 
lattice-Boltzmann codes for use in turbulence, complex fluid and blood flow 
research domains, in order to be able to run these codes on a range of evolving 
petascale and exascale architectures. The research will involve close 
collaborations with other personnel at CCS, across UCL, and within a number 
of international collaborations. 


Applicants should have substantial experience of the use of lattice-Boltzmann 
methods within a high performance computing environment. Experience of 
high performance visualisation and grid computing would be 


advantageous. A proven ability to programme large scale parallel applications 
is essential. Applicants should have (or be about to obtain) a PhD in physics, 
applied mathematics, chemistry, computational biology or computer science 
and a proven ability to work as a member of a team. 


For further details about the vacancy and how to apply on line please go to 
http://www.ucl.ac.uk/hr/jobs/ and search on Reference Number 1163161. 


BE) ao A, 
C:\ RESEARCH ASSOCIATE 


Evolution and Assessment of Biomedical Informatics & 
the Virtual Physiological Human 


The post holder will be responsible for coordinating UCL’s activity ina newly 
funded EU FP7 Virtual Physiological Human (VPH) project (INBIOMEDVision) 
which aims to monitor and assess the evolution of the Biomedical Informatics 
field, including the impact of VPH, and to address the scientific challenges and 
opportunities by means of collaborative work performed by a broad group of 
international experts having complementary perspectives on the field. In 
addition, the post holder will be involved in the administration and 
management of other VPH projects currently underway. 


Applicants should have substantial experience of biological and/or biomedical 
informatics, including computational biology/biomedicine. Experience in 
project management and administration would be an advantage. Applicants 
should have (or be about to obtain) a PhD in physics, applied mathematics, 
chemistry, bioinformatics, computational biology or computer science, or an 
MSc in a relevant discipline, and a proven ability to work as a member of a 
team. 


The post is initially funded for 18 months 


For further details about the vacancy and how to apply on line please go to 
http://www.ucl.ac.uk/hr/jobs/ and search on Reference Number 1163171. 


ccs@ucl:~$ RESEARCH ASSOCIATE 


Quantum and classical molecular dynamics in life and 
materials science 


The post holder will be responsible for developing molecular and multiscale 
models in two distinct research domains: biomolecular simulation and 
materials simulation. In the biomolecular domain, the post holder will be 
responsible for developing molecular models for use across a number of 
different biomedical research projects, concerned with drug binding efficacy in 
diseases such as HIV and cancer. In the materials domain the post holder will 
be responsible for developing quantum chemical methods to model chemical 
reactions of organic compounds within clay based layered materials, as well as 
course grained models for clay-polymer nanocomposites. 


Applicants must have substantial experience of molecular simulation and 
proven programming expertise. Experience of high performance visualisation, 
distributed (grid) high performance computing and/or multiscale modelling 
would be advantageous. Applicants should have (or be about to obtain) a PhD 
in physics, applied mathematics, chemistry, computational biology or 
computer science and a proven ability to work as a member of a team. 


The post is partly funded by the Qatar National Research Foundation, and the 
postholder will be expected to spend between 12 to 18 months at Qatar 
University in Doha where accommodation and certain living expenses will be 
provided in addition to salary. 


For further details about the vacancy and how to apply on line please go to 
http://www.ucl.ac.uk/hr/jobs/ and search on Reference Number 1163169. 


Positions are initially funded for 2.5 years from 1 February 2011, 
except where otherwise stated . The posts will be on the UCL 
pay scale at Grade 7 (£28,983 — 35,646 p.a. plus London 
Allowance of £2,795 p.a.), unless otherwise stated. The closing 
date for applications is 59m on November 22nd. 


Further particulars including job description and person 
specification are available at http://www.ucl.ac.uk/hr/jobs/ 
where you can apply online. Informal inquiries may be 
addressed to Professor Peter Coveney, Director of the Centre 
for Computational Science, University College London, 20 
Gordon Street London WC1H OAd U.K. email: 
P.V.Coveney@ucl.ac.uk. 


UCL Taking Action for Equality 
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Science Careers 


SIGNAL TRANSDUCTION 
DEPARTMENT OF SURGERY 


The Department of Surgery in the College of Human Medicine at Michigan State University seeks 
candidates for an academic-year position at a Faculty Rank to be determined in signal transduction. 
Applicants are sought with demonstrated expertise in cellular signal transduction, with preference 
toward those with a background in mechanotransduction and physical force effects or intestinal 
epithelial biology. In addition to individual research efforts, the person who fills this position will be 
expected to collaborate actively with and mentor clinical surgical faculty and trainees as well as other 
MSU faculty. A strong record of research accomplishment and an independent externally funded 
research program are required. The position includes competitive salary and startup package, 
academic rank commensurate with previous experience, and the possibility of a co-appointment in 
one of the basic science department at MSU. 


MICHIGAN STATE 
UNIVERSITY 


Applications will only be accepted from candidates with current NIH funding or the equivalent. 
Applicants should submit a letter of interest, CV including complete publication list, history of research 
funding, statement of current and future research plans, and contact information (address, email and 
phone) for three referees to Dr. Marc D. Basson, Professor and Chair, Department of Surgery, 
Michigan State University, Suite 655, 1200 East Michigan Ave, Lansing, MI 48912. We would 
prefer electronic submission to marc.basson@he.msu.edu. Applications will be accepted until the 
position is filled. 


MSU is committed to achieving excellence through cultural diversity. The university actively 
encourages applications and/or nominations of women, persons of color, veterans and persons 
with disabilities. 


MSU IS AN AFFIRMATIVE ACTION, 
EQUAL OPPORTUNITY EMPLOYER. 


In 2011, 
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THE UNIVERSITY 
OF CHICAGO 


The Department 


The Department of Biochemistry and Molecular Biology at The pesiionsiat ane 


University of Chicago invites applications from outstanding candi- 
dates who will develop independent and creative research programs 


robust research program. 


Applicants must include curriculum vitae, list of publications, sum- aa 
mary of past accomplishments and plan for future research. Please The University of Texas MD Anderson Cancer Center 


submit application materials to academiccareers.uchicago.edu/ 
applicants/Central? quickFind=51342 by December 10, 2010. 
Applicants must also arrange for three letters of reference to be 
sent to: 
Chair, Search Committee 
Department of Biochemistry and Molecular Biology 
929 E. 57th Street, Room W225 
Chicago IL 60637 


University of Texas MD Anderson Cancer Center 


research program in the area of genetics. We are particularly interested in 


a : individuals working in genomics and bioinformatics, and/or in human, mouse or 
focused on fundamental problems in biochemistry and molecular other genetic systems that relate to human disease and biology. The departmen 


biophysics. The position will be filled at the Assistant Professor has strong ongoing programs in tumor suppressor genes, mechanisms of DNA 
level. We are especially interested in individuals who value teaching repair, mouse and human genetics, and developmental and stem cell biology. We 
and whose interests bridge fields within the department or ongoing offer a very attractive recruitment package, active graduate and postdoctora 
initiatives with other departments involving biomedical research. training programs, and the unmatched scientific environment of the Texas Medica 
Ph.D. or M.D./Ph.D. or equivalent terminal degree with postdoctoral Center. Applicants should hold a Ph.D. and/or M.D. degree and should be able to 
experience required. Successful candidates will be provided a gener- demonstrate their potential as independent scientists. Those interested should 


ous startup package and will be expected to develop a well-funded send a curriculum vitae, a three page research summary, and the names and 
° addresses of at least three references before December 31, 2010, to: 


MD Anderson Cancer Center is an equal opportunity employer and does not discriminate on the basis of 
race, color, national origin, gender, sexual orientation, age, religion, disability or veteran status, except 


Tenure-track/Tenured Faculty Positions — 


Department of Genetics 


of Genetics is recruiting two tenure-track/tenured faculty 
Assistant or Associate levels to establish an outstanding 


Guillermina (Gigi) Lozano, Ph.D. 
Chair, Department of Genetics 


1515 Holcombe Blvd., Unit 1010 
Houston, Texas 77030 


THE UNIVERSITY OF TEXAS 


MD Anderson 
farneer Center 


The University of Ch icago is an where such distinction is required by law. All positions at MD Anderson are considered security sensitive; 


Affirmative Action / Equal Opportunity Employer. 


drug screening and thorough background checks will be conducted. The University of Texas MD Anderson 
Cancer Center values diversity in its broadest sense. MD Anderson is a smoke-free environment. 


One of the oldest institu- 

tions of higher education “% 

in this country, the 

University of Delaware today 

combines tradition and innovation, 

offering students a rich heritage along with 

the latest in instructional and research technology. The 
University of Delaware is a Land-Grant, Sea-Grant, and 
Space-Grant institution with its main campus in Newark, 
DE, located halfway between Washington, DC and New 
York City. Please visit our website at www.udel.edu. 


Environmental 
Faculty Positions 


As part of its Path to Prominence Strategic Plan, the 
University of Delaware has launched its Initiative for 
the Planet. The goals of this initiative are to promote 
sustainable practices and to support multidisciplinary 
efforts in research and education needed to develop 
solutions to significant, time-critical issues in energy, 
the environment, and resource sustainability. Our over- 
arching objective is to make the University of Delaware 
a national and international resource for environmental 
research, technology, education, and policy — today 
and into the future. To attain this goal, we seek 6-8 out- 
standing faculty at all academic ranks in environmental 
science, engineering, and policy. Faculty can have 
appointments in multiple departments and colleges. 


To complement these hires we are conducting a search 
for the Howard E. Cosgrove Chair in Environment. This 
internationally renowned scholar will further enhance 
the prominence of the University’s environmental inter- 
departmental teaching and research programs, and 
assist in building the Delaware Environmental Institute 
(DENIN) to a position of national and international 
prominence. 


The University of Delaware provides an outstanding 
environmental research base through existing 
strengths in a number of areas including biogeochem- 
istry, soil and environmental chemistry, environmental 
engineering, environmental microbiology, environmen- 
tal genomics and bioinformatics, geomicrobiology, 
land/coastal dynamics, land use, nutrient manage- 
ment, environmental modeling, hydrology, environmen- 
tal forecasting and restoration, ecosystem health and 
sustainability, and environmental policy, economics 
and education. These activities are carried out across 
the University’s seven colleges and in a number of 
well-regarded institutes and research centers. More 
details on our environmental programs can be found at 
www.environmentalportal.udel.edu/ . 


The desire to better utilize the strengths in the col- 
leges, institutes, and centers, and to foster collabora- 
tion and enhance competitiveness in attracting out- 
standing faculty and students, led to the creation of the 
Delaware Environmental Institute in 2009. DENIN’s 
goals are to initiate interdisciplinary research projects, 
support interdisciplinary academic programs, and forge 
partnerships among government agencies, nonprofits, 
industry, policymakers, and the public to address envi- 
ronmental challenges and coordinate and sponsor 
University-based interdisciplinary initiatives. More 
details on DENIN can be found at www.udel.edu/denin. 


Other recent actions which reflect the University's com- 
mitment to the environment and sustainability include 
an aggressive Climate Action Plan and the creation of 
new undergraduate majors in Environmental Studies 
and Energy and Environmental Policy. Successful can- 
didates will have the opportunity to help shape and 
grow these new majors. 


Candidates for the faculty positions are expected to hold 
a Ph.D. or equivalent degree in their area of expertise and 
have a demonstrated record of excellence in environ- 
mental scholarship commensurate with appointment to a 
faculty position in one or more departments of the 
University. Nominations and applications should be sub- 
mitted electronically to Environmental Cluster Search 
Committee Chair at environmental-hire @udel.edu. 
Application materials should include a statement of inter- 
est, curriculum vitae, description of research and teaching 
interests and accomplishments, and the names and con- 
tact information of at least four references. Review of 
applications will begin on December 15, 2010 and will 
continue until the positions are filled. 


The UNIVERSITY OF DELAWARE is an Equal 
Opportunity Employer which encourages applications 
from Minority Group Members and Women. 


Friedrich Miescher Institute 
for Biomedical Research 


Tenure-track Group Leader 
Positions 


Stem Cell Biology and Cancer 
Genomic Stability and Cancer 


The Friedrich Miescher Institute for Biomedical Research (FMI) invites applications 
for two tenure track group leader positions (equivalent to an assistant professor). 
We are seeking outstanding individuals who will establish an ambitious research 
program focused on fundamental questions in cancer biology. 


The successful Stem Cell Biology and Cancer applicant should be 
interested in stem cell maintenance, niche interactions, cancer-related signaling 
pathways and cell fate determination, or oncogenic pathways or pathologies that 
perturb cell fate. 


Genomic Stability and Cancer candidates intending to carry out 
independet research in one of the following areas are particularly encouraged to 
apply: DNA repair, genomic replication, the replication-transcription interface, 
repeat instability, chromatin remodeling, telomeres or centromeres. 


For both areas, there are ample opportunities for collaborative interactions with 
other research groups in the three FMI research themes of Signaling & Cancer, 
Epigenetics and Neurobiology. 


The Institute provides core facilities for experimental mouse genetics, high-end 
microscopy, cell sorting, genomics, protein crystallography, proteomics and 
bioinformatics. The start-up package is highly competitive. 


The FMI is an international biomedical research center with 300 members, 
including about 180 postdoctoral fellows and graduate students. It is part of 

the Novartis Research Foundation and is associated with the University of Basel. 
The Institute runs a successful international PhD program (for further information 
see www.fmi.ch). Situated in Basel, Switzerland, the FMI offers an outstanding 
english-speaking scientific and cultural environment in the center of Europe. 


Applications, including a CV, the names and emails of three referees and a concise 
description of research interests and future plans should be submitted online at: 


www.fmi.ch/gl_search 
Informal inquiries can be sent to: susan.gasser@fmi.ch 


The closing date for applications is December 31, 2010. 
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Download 
your free copy. 


ScienceCareers.org/booklets 


Career opportunities 
in the tropics 


CAREER Careers Away 

James Cook University is one of Australia’s most distinctive universities with a focus on creating a TREN DS from the Bench 
brighter future for life in the tropics worldwide. The University is located in the vibrant regional ee 
community of tropical Queensland, which has one of the fastest growing economies in Australia 
adjacent to the Great Barrier Reef and Wet Tropics World Heritage Areas. The University’s internationally 


recognised research is matched by strong commitment to its region, partners and teaching. A broad 


online @sciencecareers.org 
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range of career opportunities are available at the University including the following recent vacancy: 


Lecturer - Physiology 

School of Veterinary & Biomedical Sciences 
Ref. No. 10211 - Townsville 

Employment Type: Full-time, continuing 

Academic Level B - AS73,814 - A$87,096 per annum 

Applications close: 3 December 2010 


Staff Benefits include a generous superannuation scheme with up to 17% employer 
contributions, five weeks annual recreation leave, flexible working arrangements and attractive 


options for salary packaging. 


For more information go to: 

www.jcu.edu.au/jobs, enter the ake 
Reference Number in the search field 
and follow the links. 


== JAMES COOK | fx 
= UNIVERSITY 


Science Careers 


From the journal Science PAVAAAS 


www.jcu.edu.au/jobs 


AUSTRALIA 


YEARS 
1970~2010 


sustainable.living.learning.research - 
at the Health University! 


Medical University of Graz 


Medical University of Graz in Austria is seeking to fill the position of an 


Associate Professor (f/m) 
for Experimental Cardiology 
at the Department of Cardiology/University Heart Center 


Professional Requirements: 

e Ph.D. or other doctorate, or equivalent scientific qualification 
in natural sciences or medicine 

Established record of excellence in cardiac cellular research 
with emphasis on ion homeostasis, arrhythmogenesis, car- 
diac remodeling and heart failure 

Excellent skills in the methodology of visualizing subcellular 
processes (confocal microscopy, FRET imaging, etc.) and in 
molecular biology techniques 


Detailed job description: www.medunigraz.at/jobs (Wissen- 
schaftliches Universitatspersonal) 


Please submit your application with the reference 
number W325ex2009/10, preferably by e-mail to 
personal@medunigraz.at or to the following postal address: 
Medizinische Universitat Graz, Abteilung Personaladministrati- 
on, Universitatsplatz 3, A-8010 Graz. The application deadline is 
30% of Nov. 2010. 


www.medunigraz.at 


& Louisvii OF 
LOUISVILLE 
James Graham Brown Cancer Center and the 


Owensboro Cancer Research Program (OCRP) 
Endowed Chair Position 


The University of Louisville James Graham Brown Cancer Center and the 
Owensboro Cancer Research Program (OCRP) invite nominations and appli- 
cations for a Helmsley Charitable Trust funded Endowed Chair position. The 
Endowed Chair will hold the rank of Professor in an appropriate department 
in the University of Louisville School of Medicine and will be affiliated with 
the James Graham Brown Cancer Center. It is expected that the successful 
candidate will be an internationally recognized scientist with a M.D., and/or 
Ph.D., an established and funded research program, and a strong track record 
of publications. The Endowed Chair will join the OCRP and be located in 
newly constructed laboratory space at the Mitchell Memorial Cancer Center, 
Owensboro, Kentucky. The OCRP represents a new translational research 
program focused on combining the field of plant-made pharmaceuticals with the 
prevention and treatment of cancer and serious infectious diseases. The OCRP is 
currently comprised of four faculty members and is expected to expand to eight 
faculty members over the next 5 years. It is expected that the Endowed Chair 
will conduct collaborative research with faculty at the OCRP and contribute 
to the future development of the OCRPC as it establishes itself as a leader in 
the area of plant-made pharmaceutical research. Candidates with research 
interests in any area relevant to plant-based expression of protein therapeutics 
for cancer and infectious disease are welcome. Candidates working in the areas 
of molecular target discovery, cancer vaccines, innate immunity, and cancer 
virus research are particularly encouraged to apply. Applications must include 
a curriculum vitae that includes a summary of previous and current funding, 
a synopsis of current and future research interests, and the contact informa- 
tion for at least three references to: Donald Miller, MD, PhD, Chair, Search 
Committee and Keith R. Davis, PhD, Co-Chair, Search Committee, James 
Graham Brown Cancer Center, 529 South Jackson Street, Louisville, KY 
40202 or by Email: sairama@ulh.org. Review of applications will begin 
immediately and continue until the position is filled. 


The University of Louisville is an 
Affirmative Action, Equal Opportunity Employer. 
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Applications or nominations to: professor@ist.ac.at or assistant.professor@ist.ac.at (depending on position). 
Applications must include a CV, list of publications, and research plan. Nominations should include an appraisal of 


the achievements and scientific qualifications of the nominee. IST Austria is committed to Equality and Diversity. 
In particular female researchers are encouraged to apply. More information: www.ist.ac.at 


IST AUSTRIA IS LOOKING FOR 


Professors anc 
Assistant Frotessors 


ia (Institute of Science and Technology Austria) is a new Institute located on the 
of Vienna, dedicated to cutting-edge basic research. The Institute invites applications 
nations for Professors and Assistant Professors in all fields of the natural sciences 


and related disciplines. Outstanding scientists in the Physical Sciences, Neurosciences, and 


tics are especially encouraged to apply. 


e, established by the Austrian Government, opened Its campus in 2009. Its funding is substantial, 
r over 500 employees and graduate students by 2016. IST Austria is entitled to award PhD degrees 


and includes an English-language Graduate School. It aims to achieve an international mix of scientists and 
recruits them solely on the basis of their individual excellence and potential contribution to research. 


e is recruiting leaders of independent research groups. Professors have indefinite contracts and 


Assistant Professors have fixed-term contracts for an initial period of five years, with a possible, but not 


renewal for two additional years. Before the end of this period, the scientist will be considered for 
€ appointment as a Professor at IST Austria, the decision being based on merit only (as is the case 
re-Track Assistant Professor” at US universities). 


The selected candidates will receive a competitive salary and a substantial annual research budget, covering 
operating expenses and the cost of PhD students, postdoctoral fellows, and technical staff. Additional costs of 


ew laboratory, including instruments and infrastructure, will be offered separately. Scientists are also 
© apply for external research grants. 


1Ghyéy AUSTRIA 


Institute of Science and Technology 


Worcester Polytechnic Institute 


Department of Biology and Biotechnology 
Tenure-Track Assistant 
Professor in Neuroscience 


The Biology and Biotechnology Department of 
WPI invites applications for a tenure-track Assistant 
Professor position to begin in the fall of 2011. WPI is 
committed to further strengthening its capabilities in 
the life sciences and bioengineering arena. 


U.S. News and World Report consistently ranks 
WPI among the top national universities and 
recently placed WPI in its top 30 for faculty 
resources. To learn more about the Biology and 
Biotechnology Department, which offers BS, 
MS, and PhD degrees, research at the LSBC, and 
WPI visit http://www.wpi.edu/+BBT, www.wpi. 
edu/research, www.gatewayparkworcester.com, and 
www.wpi.edu 


Applicants should submit an application (pdf- 
formatted) including a cover letter, curriculum vitae, 
a statement of accomplishments and future priorities 
in research and teaching, and a list of five references 
(with contact information). Applications should be 
sent to Professor J.B. Duffy, Department of Biology 
and Biotechnology at Faculty-searchBBT @wpi.edu . 
Review of applications will be conducted on a rolling 
basis and continue until the position is filled. 


To enrich education through diversity, WPI is an 
affirmative action, equal opportunity employer. 
—A member of the Colleges of Worcester Consortium. — 


UH IVERSITY OF 


ALASKA 


FAIRBAWKS 


TENURE-TRACK FACULTY POSITION 
Assistant or Associate Professor of Wildlife Biology 


The Department of Biology and Wildlife and the Institute of Arctic Biology, University of Alaska Fairbanks, 
seek an individual with broad training in wildlife biology for a joint appointment to a tenure-track position 
available in August 2011. The appointment will be a 9-month, 50% teaching and 50% research appoint- 
ment with full benefits. We seek to complement current wildlife faculty expertise in genetics, nutrition, 
population biology and spatial ecology. Candidates with expertise with meso-carnivores, furbearers, or 
predator-prey dynamics are especially encouraged to apply. Salary and level of appointment are negotiable 
and dependent on experience. Applicants must have an earned PhD in biology or ecology of vertebrate 
animals with training or experience in application of research to management of populations. Applicants 
should have the ability to work with wildlife managers and other stakeholders on issues of local, regional, 
and national interest. The successful candidate will be expected to develop a research program that trains 
MS and PhD students with extramural support and contribute to courses and student activities in Wildlife 
Biology and Conservation. Instructional responsibilities include undergraduate advising and two semes- 


ter-length courses per year (e.g. at least one course in the wildlife core curriculum and a graduate course 
in the candidate’s area of expertise). Applicants should apply online at UAKJobs (www.uakjobs.com). 
Application materials will include a cover letter, CV, statement of teaching philosophy and interests, state- 
ment of research philosophy and interest, and 3 letters of recommendation. Applicants can have letters of 
recommendation sent directly to fyuaflob@alaska.edu and reference listing number 0060812. Recruit- 
ment will remain open until the position is filled; review of applications will commence on 8 November 
2010. For inquiries contact Kris Hundertmark (khundert@alaska.edu). 


Our department has a rich history of training wildlife managers, which is facilitated by the Alaska Coop- 
erative Fish and Wildlife Research Unit (http://www.akcfwru.uaf.edu/about.php) and faculty in related 
departments such as fisheries, and natural resource management. The Institute of Arctic Biology (http: 
//www.iab.uaf.edu) provides administrative and logistical support for implementing research on animals 
in the field and in captivity through facilities such as Animal Quarters, Large Animal Research Station, 
DNA Core Lab, Spatial Ecology Lab and the Toolik Field Station. University of Alaska Fairbanks (http: 
//www.uaf.edu) is a research-intensive university (10.5k students) with a focus on circumpolar issues. 
Fairbanks has a vibrant cultural life and unparalleled wilderness access and outdoor recreational oppor- 
tunities (http://www.fairbankschamber.org/). 


University of Alaska Fairbanks is an Equal Employment Opportunity/Affirmative Action Employer and 
Educational Institution. 
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Science Careers is the window 
that displays your vision. 
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Revealing your vision to employers is our job. We're your 
source for connecting with top employers in industry, 
atademia, and government. We're the experts end entry 
point tothe latest and most relevant career intommetion 
across the elobe, 


Our cewly designed website afters a set of tools that reveal 
~ = CATeEr opportunities and your personal potential. Whether 
RRS ES Le Ny you're Seeking a new job, career advancement in your 

| chasen field, orways te stay current on industry trends, 
Sclenice Careers is your window to a limitless future, 


Improved Website Features: 

® Relevant lob E-mail Alerts 

® Inproved Resume Uploading 

® Content Specific Multimedia Section 


® Facebook Profile 


job Search Functionality: 
® Save and Sort labs 
» Track Your Actlvity 


® Search by Geograply — 
[ Ce iy | | 
® Enhanced fob Sorting ee f 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and opportuni- 
ties they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically for 
scientists. With hundreds of career development articles, a grants and scholarships database, webinars and downloadable 
booklets filled with practical advice, a community forum providing real-time answers to career questions, and thousands of 
job listings in academia, government, and industry, Science Careers has helped countless individuals prepare themselves for 
successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not a member, 
join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers W\ AAA: + U = A 


Post-Doctoral Fellowship 
to study 
Hematopoietic Stem/ 
Progenitor Cell 
Trafficking and Engraftment 
in the 
Bone Marrow Microenvironment. 
Children’s Hospital Boston 
Harvard Medical School, 
Boston MA 


The goal of our research program is to better 
define the mechanisms by which normal and 
neoplastic hematopoietic stem/progenitor 
cells home to the bone marrow and take up 
residence in supportive niches. A multidis- 
ciplinary approach combining biochemistry, 
cell biology, animal studies, and imaging is 
employed. 


For more information, please see the follow- 
ing website: http://www.childrenshospital 
.org/cfapps/research/data_admin/Site188/ 
mainpageS188P0.html 


To apply, e-mail a cover letter, curriculum 
vitae, statement of research experience and 
career goals, and contact information for 
three references addressed to Dr. Leslie Sil- 
berstein, Director of the Joint Program 
in Transfusion Medicine. E-mails should 
be sent to Lauren Smith, Administrative 
Associate: Lauren.Smith@childrens.ha 
rvard.edu. 


Children’s Hospital Boston is an Equal 
Opportunity, Affirmative Action Employer. 
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From the journal Science 


Brought to you by the 
AAAS/Science Business Office 


USE ERS TY oof FLAWS 
MLM OA, 
Dean, College of Natural Sciences 
Honolulu, Hawai‘i 


The University of Hawai‘i at Manoa (UH Manoa) 
seeks an innovative, motivational and experi- 
enced leader to serve as Dean of the College of 
Natural Sciences (CNS). Building upon the many 
strengths of the University, as well as the unique 
attributes of the Hawaiian Islands, the successful 
candidate has an exciting opportunity to lead CNS 
to a stronger intellectual presence in Hawai‘i, the 
Asia Pacific region and around the globe. 


The College of Natural Sciences is comprised 
of the following departments: Biology, Botany, 
Chemistry, Information and Computer Science, 
Mathematics, Microbiology, Physics and Astron- 
omy, and Zoology. The Dean serves as the top aca- 
demic and administrative leader for the College, 
and is expected to develop a vision and strategic 
plan to guide and lead the College’s members 
to achieve new levels of excellence by pursuing 
an integrated, comprehensive academic program 
that balances scholarship, instruction and service. 
The Dean should be a committed, collaborative, 
and engaging advocate for the College within 
the University, across the state, and beyond. For 
more information about the UH Manoa and the 
College, please go to www.manoa.hawaii.edu 
and www. hawaii.edu/natsci. 


UH M§noa is the premier institution of higher 
learning in the Pacific Basin and belongs to an 
international community of research universities. 
It is the flagship campus of the UH System and 
enrolls more than 20,000 students. Ten percent 
(10%) of UH Manoa students are majoring in 
programs within the CNS. These students com- 
prise 11% of the undergraduates and 7% of the 
graduate students. There are approximately 130 
instructional faculty members in the College. 


UH Manoa is one of the nation’s few land-, sea- 
and space-grant institutions, and plays a unique 
role in serving Hawaiian, Asian and Pacific 
cultures through education, research, extension/ 
outreach and service. Many of the university’s 
fields of study relate directly to the distinctive 
geographical and cultural setting of Hawai‘i, an 
island community with diverse eco-systems and 
exceptional diversity of cultures. 


Nominations, inquiries, and application 
information: Nominations, inquiries, and 
applications are being accepted for the position. 
Review of applications will begin on Monday, 
December 6, 2010, and will continue until the 
position is filled. Candidates must submit a cover 
letter summarizing the candidate’s interest and 
qualifications for the position, a current resume, 
and the names of six (6) professional references, 
including title and contact information. For a job 
description and search information, please go 
to www.manoa.hawaii.edu/executivesearch/ 
natsci. E-mail correspondence is strongly 
encouraged. Please send materials to: 
University of Hawai‘i at Manoa CNS 
Dean Search 
Attn: Michele Tom, 
Executive Search Coordinator 
University of Hawai‘i at Manoa 
2500 Campus Road, Hawai‘i Hall 209 
Honolulu, Hawai‘i 96822 
Phone: 808-956-9396 / Fax: 808-956-7115 
E-mail: ttmm@hawaii.edu 

The University of Hawai‘i is an Equal 
Opportunity/Affirmative Action Institution and 
encourages applications from and nominations 

of women and minority candidates. 


FELLOWSHIPS 


Science Scholarships 
and Fellowships 


The UNCF/Merck Science Initiative is an 
innovative approach that creates 
opportunities in the biological, chemical 
and engineering sciences for African 
American students throughout the country. 


UNDERGRADUATE 

Science Research Scholarship Awards 

™ Scholarships up to $25,000 

@ A paid summer internship at a Merck facility 
with stipend totaling more than $5,000 

™ Mentoring and networking opportunities 

@ Eligibility: College juniors, science or 

engineering majors, 3.3 GPA 


GRADUATE 

Science Research Dissertation Fellowships 

™@ Fellowships up to $53,500 

™ Mentoring and networking opportunities 

@ Eligibility: Ph.D. or equivalent degree 
candidates engaged in dissertation 
research in the biological, chemical or 
engineering fields 


POSTDOCTORAL 

Science Research Fellowships 

@ Fellowships up to $92,000 

| Mentoring and networking opportunities 

@ Eligibility: Ph.D. or equivalent degree 
recipients in the biological or chemical 
research fields 


APPLY ON-LINE 


http://umsi.uncf.org 
Submit by December 1, 2010 


T 703 205 3400 
F 703 205 3550 
E uncfmerck@uncf.org 


= 
j UNCF €% MERCK 


MERCK 
COMPANY 
FOUNDATION 


GENERAL ELIGIBILITY REQUIREMENTS: 
Must be African American and a U.S. citizen or a permanent resident 
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POSITIONS OPEN 


Mechcal Center 
POSTDOCTORAL POSITION in 
Computational Systems Biology 


The Guda laboratory at University of Nebraska Me- 
dical Center (UNMC, website: http://www.unme. 
edu/genetics/index.cfm?conref=57) is seeking a self- 
motivated individual to pursue exciting research in 
Computational Systems Biology. The incumbent will 
develop novel computational methods using machine 
learning and data mining techniques for functional an- 
notation of biological systems. Related research projects 
in the PI’s laboratory include prediction of subcellular 
localization, inferring potential protein domain-domain 
interactions, and alignment of cancer protein interac- 
tion networks. 

UNMC offers state-of-the-art computational facili- 
ties to carry out cutting edge research in systems biol- 
ogy. The new center for Bioinformatics and Systems 
Biology at UNMC will provide enriching opportunities 
for teaching and professional development. Initial ap- 
pointment will be for one year with a possibility of 
continuation for three years. UNMC offers competitive 
salary with excellent healthcare and retirement benefits. 

Requirements: A recent Ph.D. in Bioinformatics and/or 
computational biology, computer science, or in a quan- 
titative discipline with an aptitude for life sciences re- 
search is required. A thorough training in machine learning 
algorithms, graph theory, and strong programming skills 
in C/C++/Java with some working knowledge in 
statistics and relational databases is required. Experience 
in analyzing large-scale genomic and/or proteomic 
datasets is considered a plus. 


POSTDOCTORAL POSITIONS 
Viruses, Telomeres, and Drug Discovery 
The Wistar Institute 


Positions for postdoctoral trainees are available in 
several areas, both in mammalian cells and human 
tumor-associated viruses. (1) Telomere and Cell Growth 
Regulation by TERRA RNA. The role of non-coding 
telomere RNA in regulating telomere chromatin and 
cell growth (Mol Cell. 2009; Cell Cycle. 2010). (2) Vi- 
ral and Cellular Genome Maintenance. Mechanisms reg- 
ulating genome stability and chromosome organization, 
including factors controlling chromatin insulators and 
origins of DNA replication (J Virol. 2009a, 2009b, 2009c; 
EMBO J. 2008). (3) Small molecule inhibitors of la- 
tent viral infection. Identification of natural and syn- 
thetic inhibitors of viral regulatory proteins at the newly 
established Center for Chemical Biology and Transla- 
tional Medicine at Wistar Institute. 

Applicants should have a Ph.D. and experience in mo- 
lecular biology, virology, and/or biochemistry. Highly 
competitive salary and benefits package. Forward cur- 
riculum vitae to: Paul M. Lieberman, Ph.D., Gene Ex- 
pression and Regulation Program, The Wistar Institute, 
3601 Spruce Street, Philadelphia, PA. 19104; e-mail: 
lieberman@wistar.org. 


STONY BROOK UNIVERSITY 
Bioinformatics and Biostatistics 
Stony Brook University’s Department of Applied 
Mathematics and Statistics seeks a tenure-track AS- 
SISTANT PROFESSOR in biostatistics or com- 


putational statistics, with a priority for the area of 


bioinformatics. For full position description and/or 
application procedures, visit website: http://www. 
stonybrook.edu/jobs (Reference #F-6547-10-10). 
Stony Brook University/SUNY is an Equal Opportunity/ 
Affirmative Action Employer. 


ASSISTANT PROFESSOR of BIOLOGY—The 
Biology Department of Whitworth University invites 
applications for a tenure-track position as Assistant Pro- 
fessor of Biology with a primary focus on Environmen- 
tal Biology, Field Biology, Wildlife Biology, and/or 
Conservation Biology. Earned Doctorate in an appro- 
priate area of biology or environmental science by August 
2011, and demonstrated teaching ability required. Go 
to website: http://www.whitworth.edu/jobs for fur- 
ther details and information on how to apply. 
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The Department of Chemistry and Biochemistry 
(CBC) at The University of Arizona is seeking a tenure- 
track faculty position. We expect to fill this position at 
the ASSISTANT PROFESSOR level. The success- 
ful candidate is expected to develop an outstanding 
research program that will lead to external support. 
Although the particular research interests are open, 
the candidate is expected to contribute to the inter- 
disciplinary efforts of our Drug Design Center, which 
is administered by BIO5, a consortium of researchers 
at the University of Arizona that is focused on the is- 
sues of health and disease. Outstanding candidates will 
also be considered at the level of Associate and Full 
Professor. To apply, please submit a letter of applica- 
tion, curriculum vitae, and statements of research and 
teaching interests online at website: http://www. 
uacareertrack.com (position #46326). Candidates 
for the Assistant Professor position should also have 
three letters of recommendation sent to: Drug Design 
Center Search Committee, c/o Margaret Gomez, 
Department of Chemistry and Biochemistry, Uni- 
versity of Arizona, P.O. Box 210041, Tucson, AZ 
85721-0041. The University of Arizona is an Equal Em- 
ployment Opportunity/ADA/Affirmative Action Employer. 
Women and minorities are especially encouraged to apply. The 
Immigration Reform and Control Act requires you to have 
proof of authorization to work in the United States. 


MOLECULAR GENETICS 
Reed College 


The Biology Department at Reed College invites 
applications for a tenure-track position at the AS- 
SISTANT PROFESSOR level, to begin fall semester, 
2011. A Ph.D. and postdoctoral experience are re- 
quired. The successful candidate will develop a com- 
petitive research program involving undergraduates. 
The research area within genetics should comple- 
ment the expertise of the existing faculty. A renovated 
research laboratory and startup funds are available. 
Formal teaching duties include a lecture-laboratory 
course in general genetics, an advanced seminar in the 
candidate’s specialty, participation in the team-taught 
introductory biology sequence, and supervision of 
year-long senior research theses. We seek an individual 
committed to the pursuit of science in an undergrad- 
uate environment. Reed College is a highly selective 
liberal arts institution with a distinguished record of 
educational accomplishment and a strong commitment 
to scholarship (website: http: //web.reed.edu). 

Electronic applications are required and must be 
sent as PDF (preferred) or Word attachments. Please 
send a cover letter, curriculum vitae, statement of re- 
search interests, and three letters of recommendation 
to e-mail: biology.search@reed.edu. If letters of rec- 
ommendation must be sent as hard copy, please sub- 
mit to: Dr. Janis Shampay, Search Committee Chair, 
Reed College, 3203 SE Woodstock Boulevard, 
Portland, OR 97202. Deadline for receipt of appli- 
cations is 15 December 2010. 

An Equal Opportunity Employer, Reed values diversity 
and encourages applications from underrepresented groups. 


FACULTY POSITION 
Experimental Biological Physics 
University of Illinois, Urbana-Champaign 


The Department of Physics invites applicants for a 
tenured or tenure-track faculty position in experimen- 
tal biological physics with an emphasis in cellular bio- 
physics, beginning as early as August 16, 2011. The 
UIUC Department of Physics has strong programs 
in both theoretical and experimental biological physics. 
The successful candidate is expected to teach effec- 
tively at both the undergraduate and graduate levels, 
have a strong record of publication, and to lead a vig- 
orous research program. For full consideration, ap- 
plication materials must be received by December 1, 
2010. Please visit website: http://jobs.illinois.edu 
to view the complete position announcement and ap- 
plication instructions. 

The University of Illinois is an Affirmative Action/Equal 
Opportunity Employer. 


POSITIONS OPEN 
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LINTVERSITY OF MINNESOTA 
FACULTY POSITION in MICROBIOLOGY 


The Department of Microbiology at the University 
of Minnesota Medical School invites applications for 
a faculty position to be filled at the tenure-track AS- 
SISTANT PROFESSOR level. The successful appli- 
cant will be expected to establish a competitive research 
program in bacterial pathogenesis (broadly defined, to 
include bacterial physiology, genetics, genomics, molec- 
ular biology, and/or the bacterial basis for host-pathogen 
interactions), and to contribute to departmental teach- 
ing. The department and affiliated units at the Univer- 
sity have broad research strengths in microbiology and 
immunology, including immunity and host defense, 
microbial pathogenesis, virology, microbial physiology, 
genetics, genomics, environmental microbiology, and 
biotechnology. More information about the Depart- 
ment of Microbiology, affiliated institutes and centers, 
and the graduate training program, can be found on 
the department website: http://www.microbiology. 
med.umn.edu. 

Minimum qualifications: Ph.D., M.D., or equivalent 
in a relevant field of study, plus applicable postdoctoral 
or faculty experience. Review of applications will con- 
tinue until suitable candidates are identified. To apply, 
please upload a curriculum vitae and concise summary 
of current and planned research in response to requisi- 
tion number 169013 at website: http://employment. 
umn.edu. Please also arrange to have three letters of 
recommendation sent to e-mail: microbiology@umn. 
edu or to: Sandra K. Armstrong, Ph.D., Search Com- 
mittee Chair, Department of Microbiology, Univer- 
sity of Minnesota, MMC 196, 420 Delaware Street 
S.E., Minneapolis, MN 55455. 

The University of Minnesota shall provide equal access to and 
opportunity in its programs, facilities, and employment without 
regard to race, color, creed, religion, national origin, gender, age, 
marital status, disability, public assistance status, veteran status, 
sexual orientation, gender identity, or gender expression. 


FACULTY POSITION in 
Pharmacological Chemistry 
Department of Chemistry and Biochemistry at 
UC San Diego 


The Department of Chemistry and Biochemistry 
within the Division of Physical Sciences at University 
of California, San Diego (UCSD, website: http:/ 7 
www-chem. ucsd. edu) is committed to academic ex- 
cellence and diversity within the faculty, staff, and 
student body. We invite applications for a tenure-track 
position in Pharmacological Chemistry. Candidates 
must have a Ph.D. in one of the chemical/biological 
sciences and a demonstrated ability or potential for a 
recognized program of excellence in both teaching 
and research. Candidates with research interests in 
the biochemical and molecular mechanisms of drug 
metabolism and or development are encouraged to 
apply. A successful candidate will be judged on teach- 
ing and research accomplishments as well as potential 
for demonstrated leadership in areas contributing to 
diversity. Salary is commensurate with qualifications 
and based on University of California pay scale. Candi- 
dates should submit online their curriculum vitae, list of 
publications, reprints of up to five representative papers, 
and a personal statement that includes a summary of 
research plans as well as their past or potential con- 
tributions to diversity at website: https: //apol-recruit. 
ucsd.edu/. Please select the following job opening: 
Chemistry and Biochemistry ASSISTANT PRO- 
FESSOR in Pharmacological Chemistry (10-178) 
JPFOOOxx. Candidates should also arrange to have 
three letters of reference addressing research, teach- 
ing, and any contributions to diversity submitted at 
the above-mentioned URL. Prompt response is rec- 
ommended. For full consideration, applicants are 
encouraged to submit applications by November 29, 
2010. UCSD is an Equal Opportunity/Affirmative Action 
Employer with a strong institutional commitment to excellence 
through diversity. 
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PRS TRCH UNIWERRSS YY 
Heal Soences Cences 
Pua L. Breer School of Medicme 


Basic Science Medical Educators; 
Department of Medical Education 
(Immunology, Microbiology, Neurophysiology, Anatomy) 


The Paul L. Foster School of Medicine at El Paso is seeking highly qualified 
biomedical scientists to serve as full time medical educators in the Department 
of Medical Education. This is an extraordinary opportunity for basic scientists to 
pursue a career in medical education in a scholarly environment that encourages 
biomedical science and medical education scholarship. 


The medical education commitment shall be approximately 80% time and 
effort, primarily delivering the first and second year medical student curricu- 
lum. Basic Scientist Medical Educators have approximately 20% time and 
effort for scholarly activity. A special feature of our curriculum is a scholarly 
project requirement that is supported in part by an advanced “Laboratory for 
Education in Molecular Medicine” (LEMM). The LEMM is accessible for 
scholarly work directly involving the instruction of medical students in the 
processes and procedures of biomedical science. 


Minimum Qualifications: Ph.D., M.D., or equivalent terminal degree in the 
biomedical sciences (M.D. candidates without a Ph.D. ina relevant biomedical 
science must have additional credentials related to advanced scientific train- 
ing and scholarship); A substantial record of success as a biomedical science 
educator; A relevant and substantial record of scholarship (including abstracts, 
publications and presentations). 


Preferred Qualifications: See website for full details. 


All basic science medical educator positions are salaried and fully funded. 
Salary, academic rank and tenure option are commensurate with experience. A 
comprehensive benefits package is included. All candidates must apply online at 
http://jobs.texastech.edu, requisition number 82125. For further information 
please contact: Tanis Hogg, Ph.D.; Search Committee Chair, Associate Pro- 
fessor and Vice-Chairman, Department of Medical Education, TTUHSC; 
Paul L. Foster School of Medicine, 5001 El Paso Drive, El Paso, Texas 79905; 
tanis.hogg@ttuhsc.edu; (915) 783-1700 ext. 226 (Brenda Mead). 


Texas Tech University Health Sciences Center is an Equal Opportunity/ 
Affirmative Action Employer. 


MEETINGS 


CAREER CHOICES IN SCIENCE 
ROYAL SOCIETY LONDON 19 NOVEMBER 2010 


Planning and implementing 
your career progression 


Today, more than ever, scientists are at the forefront of our economic 
and environmental survival! 

But where do you fit? What direction should your career path take? 
Who should you talk to? 

Find out at SMART TRACK 2010 at the Royal Society, 

London 19 November. 

It is free of charge to attend the networking sessions and only £15 

to listen to our exciting range of speakers. 

For further information www.smart-track.co.uk. 

For any enquiries about this event, please email anita@ya-ya.co.uk or call 0207 989 2424 
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Department of Cellular Biology 
University of Georgia 


Faculty Position: Cell Biology 


The Department of Cellular Biology at the University of Georgia invites 
applications for a tenure-track Assistant Professor. The candidate’s research 
must address fundamental problems in cell biology. Individuals whose 
research bridges cell biology with other disciplines are also encouraged to 
apply. Successful applicants will be expected to develop a strong extramu- 
rally funded research program and contribute to instruction in cell biology 
or related disciplines. A competitive package of startup funds and salary 
will be offered. Visit www.uga.edu/cellbio/newfaculty for further detail. 
Applicants should send a cover letter, curriculum vitae, research statement, 
statement of teaching philosophy, and arrange to have 3 letters of references 
sent to: cbsearch@uga.edu. Applications received by January 10, 2011, 
are assured of full consideration. 


Endowed Faculty Position: Infectious Diseases 


The Department of Cellular Biology at the University of Georgia invites 
applications for an endowed tenure-track faculty position at the associate 
professor level in the area of Infectious Diseases. Candidates with an estab- 
lished research program focusing on novel approaches to understanding the 
interaction between pathogen/parasite and host at the cellular, metabolic, or 
immunological level are particularly encouraged to apply. The Department 
has strong representation in the Center for Tropical and Emerging Global 
Diseases, one of the world’s leading centers for parasite research. The posi- 
tion includes a very competitive salary, excellent laboratory space and a 
generous startup package and is further enhanced by an endowment. Visit 
www.uga.edu/cellbio/newfaculty for further detail. Applicants should send a 
cover letter, curriculum vitae, research statement and teaching philosophy and 
arrange to have 3 letters of reference sent to: idsearch@uga.edu. Applications 
received by January 10, 2011, are assured of full consideration. 


The Franklin College of Arts and Sciences, its many units, and the 
University of Georgia are committed to increasing the diversity of its 
faculty and students, and sustaining a work and learning environment 
that is inclusive. Women, minorities and people with disabilities are 
encouraged to apply. The University is an EEO/AA Institution. 
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POSITIONS OPEN 


CHAIR 
Microbiology and Immunology 

The College of Medicine of The Pennsylvania State 
University invites applications and nominations of 
outstanding candidates for the Chair of the Depart- 
ment of Microbiology and Immunology. In addition 
to leading an established and exceptional department 
with nationally recognized research programs in vi- 
rology and immunology, this individual will play a 
key role in a large, cross-campus endeavor to build 
University programs in genomics and systems biol- 
ogy. The new Chair will serve as an important link to 
the international microbiology, virology, and immu- 
nology community and advance the position of the 
department scientifically. In addition to leading an 
active research program, the new Chair will embrace 
the education of our medical and graduate students, 
as well as postdoctoral and resident trainees. The 
successful candidate will be an internationally recog- 
nized scientist who has a record of leadership and 
experience in the administrative, teaching, and re- 
search activities of an academic department. The Col- 
lege is part of a large, growing, and fiscally stable 
academic health care center, which includes the Penn 
State Milton S. Hershey Medical Center, Penn State 
Hershey Cancer Institute, Penn State Hershey Chil- 
dren’s Hospital, an outpatient surgery center, and multiple 
nearby research and clinic facilities. For more infor- 
mation regarding the position, please visit website: 
http://med.psu.edu/web/microbiology/home. 
Electronic applications are preferred and should be sent 
to e-mail: jdunkinson@hmce.psu.edu and addressed 
to: Thomas P. Loughran, Jr., M.D. Director, Penn 
State Hershey Cancer Institute, Professor of Med- 
icine, Mail Code CH72, 500 University Drive, 
Hershey, PA 17033. 

Penn State is committed to Affirmative Action, Equal Op- 
portunity, and the diversity of its workforce. 


POSTDOCTORAL POSITION(S) available in 
the laboratory of Dr. Venigalla Rao, Biology Depart- 
ment, The Catholic University of America, Washington, 
D.C., to work on (i) the structure and mechanisms of 
virus assembly and DNA packaging in bacteriophage T4, 
or (ii) development of novel multi-component vaccines 
using bacteriophage T4 display (website: http://faculty. 
cua.edu/rao/). Research involves recombinant DNA con- 
struction, protein purification, and mutagenesis. Can- 
didate will have Ph.D. in Biological Sciences and strong 
background in molecular biology and biochemistry. 
Experience in bioinformatics and structural biology will 
be an asset. Electronically send curriculum vitae and 
names of three references to e-mail: rao@cua.edu. 
Catholic University is an Equal Opportunity Employer. 


POSTDOCTORAL ASSOCIATES 


The Institute of Marine and Coastal Sciences at 
Rutgers, The State University of New Jersey, is seek- 
ing Postdoctoral Associates for one-year renewable 
appointments in the areas of biological, chemical, geo- 
logical, and physical oceanography. To apply, please 
electronically send your resume, a statement of re- 
search interest, and the names of three references by 
January 15, 2011, to Dr. Francisco E. Werner, e-mail: 
postdoc2011@marine.rutgers.edu. Rutgers is an Equal 
Opportunity /Affirmative Action Employer. Employment verifi- 
cation required. 
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POSITIONS OPEN 


ASSISTANT PROFESSOR of 
Applied Mathematics or Statistics 

The Science Programs at the Vancouver Campus, 
with the Departments of Mathematics and/or Statis- 
tics at Washington State University (WSU), announces 
a full-time, tenure-track Assistant Professor position 
in applied mathematics, applied probability, and/or 
statistics. The successful candidate will be a dynamic 
and collaborative individual who applies mathematical 
or statistical techniques to biological, physical, and/or 
environmental problems. Area of specialization is open. 
Exceptional scholars who complement the strengths 
of existing science faculty in Vancouver are encour- 
aged to apply. Applicants must have a Ph.D. in math- 
ematics, statistics, or closely related field by date of 
hire, and demonstrate high potential to establish an 
externally funded research program in mathematics/ 
statistics, as well as an ability to contribute to the di- 
versity goals of the university. Position responsibilities 
include teaching at the undergraduate and graduate 
levels, research and service, with research expectations 
and teaching loads consistent across the four WSU 
campuses. WSU Vancouver is located in Vancouver, 
Washington, across the Columbia River from Port- 
land, Oregon and offers significant opportunities for 
research and an excellent quality of life. For additional 
information, see website: http://science. vancouver. 
wsu.edu/. 

To view complete information and to apply, please 
visit website: http://www.wsujobs.com and search 
postings by location: Vancouver, position #111650. 

Review of completed applications begins Decem- 
ber 1, 2010. 

Washington State University is an Equal Opportunity/ 
Affirmative Action Educator and Employer. Members of groups 
underrepresented in quantitative disciplines are strongly encour- 
aged to apply. 
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MARKETPLACE 


Knockout Mice 


Deltagen, Inc. 


Inventory of over 900 lines of knockout mice with targeted gene 
deletions available to be licensed for research and drug development. 


Visit www.deltagen.com to do a BLAST search of our inventory or to 
download the list of available KO mouse lines. 


* GPCRs 
° Kinases 


* Secreted proteins * Transporters 
* lon Channels * Others 


www.deltagen.com (650) 345-7602 


Promab Biotechnologie. Inc. 
Ascites Production 
$20/ mouse 


Recombinant Antibody 


www.promab.com info@promab.com 
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